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Abstract 
 Due to the increase in the demands for bioenergy, considerable areas in the Midwestern 
United States (US) could be converted into croplands for second generation bioenergy, such as 
the cultivation of miscanthus and switchgrass. Study on the effect of the expansion of these crops 
on soil carbon and nitrogen dynamics is integral to understanding their long-term environmental 
impacts. We developed a coupled hydrological-soil nutrient model under identical field 
conditions and different harvest litter input scenarios. Our project simulation shows that there are 
critical harvest litter amounts for miscanthus (15% of above-ground biomass when harvested), 
and switchgrass (25%) to sequester significant quantities of atmospheric carbon dioxide (CO2) 
into the soil (up to 9.7 and 7.5 kg C m-2 accumulations in miscanthus and switchgrass, 
respectively, within the next 100 years), while reducing nitrogen (N) losses (approximately 98 % 
reduction in soil inorganic nitrogen), unlike corn-corn-soybean rotation. This finding resulted 
from an increase in the carbon/nitrogen (C:N) ratio of topsoil, deactivating soil microbes. 
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Chapter 1: Introduction 
 Second generation bioenergy crops, such as Miscanthus × giganteus (miscanthus) and 
Panicum virgatum (switchgrass), are regarded as clean energy sources, and are an attractive 
option to mitigate human-induced climatic change (Schmer et al., 2008). These lignocellulosic 
feedstocks provide high potential to reduce atmospheric carbon dioxide (CO2) and nitrous oxide 
(N2O) emissions with relatively high biofuel yields and low nutrient inputs (Heaton et al., 2004, 
2008; Dusenbury et al., 2008; Hernandez-Ramirez et al., 2009). However, the expansion of these 
crops in the Midwestern United States (US) for meeting future bioenergy demand impacts the 
biogeochemical cycles in soil. In particular, the fate of soil carbon (C) and nitrogen (N) over 
extended time frames is a main global concern (Trumbore, 2009; Smithwick et al., 2009). 
 There are a few studies that have estimated soil carbon and nitrogen cycles with 
lignocellulose-based biofuel crops. Using a numerical model DAYCENT, Davis et al., (2010) 
found that miscanthus had the potential to accumulate soil C more significantly than other 
vegetation in the region, namely switchgrass, corn, and natural prairies, due to greater litterfall 
and root death. It has been shown that miscanthus sequesters atmospheric C into the soil 
regardless of the initial soil C level, while switchgrass only did if grown in former arable lands 
(Qin et al., 2012; Hamelin et al., 2012). Low nitrogen losses have been reported for perennial 
grasses, rather than traditional crops (Jordan et al., 2007; Costello et al., 2009; Lesur et al., 2013; 
Smith et al., 2013). In particular, McIsaac et al. (2010) discovered that miscanthus and 
switchgrass had less nitrate leaching, compared with corn-soybean rotation, resulting from a 
higher N uptake and denitrification, and lack of fertilization. 
 Ecological models are useful tools to understand the complex dynamics that dwells in 
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ecosystem (Davis et al., 2010). Theoretical understanding of the connection between the various 
components in a given system and biogeochemical interactions influenced by ecohydrological 
variables can be tested by the models (Lancelot et al., 2008). Specifically, biogeochemical 
models allows a detailed analysis of the long-term dynamics of C and N sequestration in 
terrestrial ecosystems (Del Grosso et al., 2001; Manzoni and Porporato, 2009; Schmidt et al., 
2011). In this thesis, we implemented Precision Agricultural Landscape Modeling System 
(PALMS) to simulate the ecohydrological dynamics, including miscanthus and switchgrass. 
Then, we coupled PALMS with a biogeochemical model based on D'Odorico et al. (2003); 
Porporato et al. (2003); Quijano et al. (2013).  
 The main goal of this thesis was to explore the impact of different crops, namely corn-
corn-soybean rotation, switchgrass, and miscanthus on the belowground dynamics of C and N. 
Most of the existing literature on soil C and N dynamics in response to miscanthus and 
switchgrass cultivations focuses on the retention of C and reduction of N in the soil as discussed 
above. However, as previous studies (Paustian et al., 1995; Del Grosso et al., 2005; Adler et al., 
2007) have shown, soil C and N dynamics are sensitive to harvest litter treatments and residue 
quality. Therefore, a complete understanding of how different amounts of biomass input into the 
soil when harvested under miscanthus and switchgrass is the key to understanding their long-
term impacts on environment. After performing model verification and validation with available 
observed data, we used the coupled model to analyze the evolution of organic C and inorganic N 
in the subsurface with different harvest litter input treatments.  
 This thesis is organized in five chapters: 
 Chapter 2 considers the important role of bioenergy under climate change. We will 
also discuss the impact of cultivations of miscanthus and switchgrass on soil C and N 
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dynamics based on previous studies.  
  Chapter 3 describes the study site and the models utilized in this study. Brief 
descriptions and parameterizations of PALMS, soil C and N cycle model, and weather 
generator are presented. Estimated initial soil C and N conditions for the simulation 
are also discussed in this chapter. 
 Chapter 4 presents model validation and numerical results of the soil C and N model 
for bioenergy crops. The impacts of different levels of harvest litter input treatments 
over the next 100 years are discussed. 
 In Chapter 5, discussion and conclusion including limitations and contributions of this 
thesis are described. 
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Chapter 2: Literature Review 
 We are facing global climate change. This is not a plausible hypothesis, but a scientific 
fact. Most scientists believe that it is caused by anthropogenic activities that have produced a 
significant amount of atmospheric carbon dioxide (CO2) since the Industrial Revolution (Oreskes, 
2004). According to Olivier et al. (2012), global emissions of CO2 increased by 3% yr-1 in 2011 
and by 2.7% yr-1 in the past decade, and this trend will continue. A reduction in CO2 emissions 
can mitigate global climate change because there is a considerable correlation between them 
(Barker et al., 1996). In other words, CO2 acts as a greenhouse gas in keeping the earth warm, 
thus causing global warming. As a result, the expansion of biofuel use is currently highlighted 
due to its carbon-neutral feature as opposed to petroleum-based fuels (Gillingham et al., 2007).  
 Switchgrass (Panicum virgatum) and miscanthus (Miscanthus ×  giganteus) are the 
leading bioenergy candidates in the United States (US) due to their high productivity and low 
nutrient requirements (de Souza et al., 2013; Zhuang et al., 2013). Both species are warm season 
perennial grasses that grow on infertile soils and are capable of tolerating drought and flood 
(Jorgensen and Muhs, 2001; Christin et al., 2004). As switchgrass is indigenous to North 
America and miscanthus seed is unviable, they involve no risk of weed invasion (Greef and 
Deuter, 1993; Jorgensen and Muhs, 2001). Additionally, the C4 photosynthetic pathways of these 
two candidates result in the variability in a temperature regime, improving environmental 
adaptability (Beale et al., 1996), and contributing to the efficient use of N (Brown, 1978; Christin 
et al., 2004). Specifically, these bioenergy crops experience N retranslocation during winter, 
whereby nitrogen moves from the above-ground to below-ground. During annual regrowth, the 
crops retranslocate the nitrogen into their shoots for growth (Heaton, 2001; Heaton et al., 2009; 
2010).  
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 Compared to the establishment of miscanthus, which is highly dependent on rhizome 
propagation, switchgrass establishment poses less risk since it relies on seed germination 
(Christin et al., 2004). This leads to the fact that miscanthus plantation requires three to five 
years to become fully established (Schwarz and Schnug, 1993; Greef, 1995). However, under 
successful establishment, the biomass yield of miscanthus is twice as high as switchgrass (22 Mg 
ha-1 and 10 Mg ha-1, respectively) (Heaton et al., 2004). Similarly, Zhuang et al. (2013) estimated 
an average of 8.6 kl ha-1 ethanol production of miscanthus under advanced technologies 
compared to 2.9 kl ha-1 of switchgrass. Thus, miscanthus might exhibit the potential to be a 
better choice than switchgrass as an alternative energy source from an economic perspective 
(Qin et al., 2011). 
 Since most terrestrial C is stored in the form of soil C, the changes in global soil C 
storage have the potential to significantly impact atmospheric CO2 (Adler et al., 2007). Therefore, 
soil C sequestration by bioenergy crops is likely to play a key role in determining greenhouse gas 
reduction (Lal, 2003, 2004). Using a numerical model DAYCENT, Davis et al. (2010) found that 
miscanthus had the potential to accumulate soil carbon more significantly than other studied 
crops, namely switchgrass, corn, and natural prairies, due to greater litterfall and root death. 
Therefore, it is believed that miscanthus sequesters atmospheric carbon into the soil regardless of 
initial soil carbon levels, while switchgrass only did if grown in former arable lands (Qin et al., 
2012; Hamelin et al., 2012). Using field measurements in Germany, Schneckenberger and 
Kuzyakov (2007) found that maximum miscanthus-derived C was observed in the top 0.1 m of 
soil. A study by Ma et al. (2000) reported that switchgrass did not accumulate soil C in the short-
term. However, in the long-term (after 10 years), 45% and 28% greater soil C were observed at 
depths of 0-15 and 15-30 cm, respectively, than adjacent fallowed soil (Ma et al., 2000). 
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 In order to improve soil fertility, mineral fertilizer (in the form of ammonium nitrate) is 
generally used to cultivate crops. However, the applied N that is not absorbed by the crops might 
engender a serious risk to the environment. Especially, nitrate which has a very high solubility, 
easily leaches to groundwater or runoff after heavy precipitation, thus potentially leading to 
eutrophication in the Gulf of Mexico (Rabalais et al., 2002). In general, thanks to the low 
nutrient requirement of perennial crops, reduced nitrogen losses have been widely reported 
compared with row crops (Jordan et al., 2007; Costello et al., 2009; Lesur et al., 2013; Smith et 
al., 2013). Especially, a study by McIsaac et al. (2000) found that miscanthus and switchgrass 
had less nitrate leaching compared with corn-soybean rotation resulting from higher N uptake 
and denitrification, and lack of fertilization. McIsaac et al. (2000) also reported that, after three 
years of cultivation of miscanthus and switchgrass, 30 and 10 times lower N leaching, 
respectively, were observed than from corn-soybean rotation. In addition, Ernst et al. (2009) 
showed that miscanthus cultivation might introduce N-limited soil conditions due to its relatively 
high litter C:N ratio (134).  
 Harvest litter treatments, residue quality, soil microbials, bioturbation, and field 
management play a crucial role in the litter decomposition rate (Paustian et al., 1995; Del Grosso 
et al., 2005; Adler et al., 2007). In general, an increase in the C:N ratio of litter inputs reduces the 
decomposition rate since microbial growth is restricted by the N deficit (Enriquez et al., 1993). 
The results from Schneckenberger and Kuzyakov (2007) agree well with the previous finding 
and show that a miscanthus plot experiences a low decomposition rate due to relatively high C:N 
ratio in the residue and little or no N fertilizer application. Also, Ernst et al. (2009) confirm that 
miscanthus cultivation might lessen microbial activity, and thus litter decomposition, due to a N-
deficit soil condition. Although the high C:N ratios of perennial crops indicate the advantage of 
 7 
 
crop N cycling and the potential to accumulate soil C (Evans et al., 2006; Heaton et al., 2009), 
these findings also highlight the important role of litter quality (C:N) in microbial survival and 
litter decomposition. 
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Chapter 3: Methods 
 This chapter discusses the methodology used in this study and is composed of six 
sections. For the purpose of model validation, a target study site in Urbana, Illinois where second 
generation bioenergy crops have been cultivated was selected as described in the first section. At 
this site, soil C storage and soil N flux have been measured as presented in the second section, 
which will be used for evaluating the performance of the biogeochemical model. Then, since 
PALMS was not yet validated for switchgrass and miscanthus, the physiological and 
phenological parameterizations of these crops are briefly presented. We will also conduct the 
validity of the model results against available experimental observations recorded at the target 
site and an adjacent site. We couple PALMS with a C and N cycle model as described in the 
fourth section. Improvements from the previous model and parameters are discussed. The fifth 
and sixth sections explain the stochastic weather generator used to simulate the variability in 
climate, and the overall simulation procedure, respectively. 
3.1 Study site 
3.1.1 General site description 
 The study site is located at the Energy Biosciences Institute (EBI) Farm in the University 
of Illinois, Urbana, IL, USA (40° 3' 46 '' N, 88° 11' 46'' W, ~220 m above sea level; see Figure 1). 
Four biofuel feedstock candidates have been grown in this site since Spring 2008: natural prairie, 
corn-corn-soybean rotation, switchgrass, and miscanthus. The size of the experimental plot is 
400 m × 400 m, and is divided into four subplots. Based on records from the Illinois State Water 
Survey, the mean annual temperature, and the mean accumulated annual rainfall are 10.9 ℃, and 
1051.1 mm, respectively. Before this experiment, the field was used to cultivate oat in a large 
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plot, and maize and soybean in small plots. However, historically, the site supported corn-
soybean rotation (Smith et al., 2013). The soils are all Ariudolls, most of which is Dana silt loam, 
and some of which are Flanagan silt loam and Blackberry silt loam. These soil types are 
fundamentally similar with some minor differences. For example, Dana silt loam and Blackberry 
silt loam allow soil water to flow quite easily, while Flanagan silt loam does not. 
 
Figure 1: Location of study site in Urbana, IL, USA. This figure was obtained from Google-
map. 
 
3.1.2 Crop management 
 A standard farming practice in central Illinois was used to cultivate corn and soybean, 
while best-known farming practices were applied to prairie, switchgrass, and miscanthus. In 
order to obtain uniform soil conditions, diammonium phosphates, potash, and lime were added 
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by variable-rate technology before the experiment started (pH 6.0; P: 50.4 kg ha-1, K: 336 kg ha-1) 
(Smith et al., 2013). Corn and miscanthus were planted in 75 cm rows, while prairie and 
switchgrass were broadcast seeded. Conventional tillage was used in the corn plots. Table 1 
shows planting and harvesting days, herbicide type, and fertilizer amounts from 2008 to early 
2012 (Zeri et al., 2011; Smith et al., 2013). The fertilizer used in the corn plots was 28% urea 
ammonium nitrate (UAN), while granular urea was applied in the switchgrass plots. Table 2 
shows the chemical properties of UAN. 
 The year of establishment, 2008, had unusually heavy rainfall, which was the fourth 
wettest year on record since 1889 (Smith et al., 2013). This weather condition prevented the 
miscanthus from becoming fully established. Therefore, replanting of this crop was needed and 
conducted between May 21 and 27 in 2009. However, several severe cold days and, again, 
unusually heavy rainfall (the fifth wettest on record) in 2009 led to the miscanthus failing to 
survive. Replanting of this crop was thus performed during April 14–19, 2010. 
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Table 1: Planting and harvest days, and herbicide and fertilizer applications to manage 
biofuel feedstock crops from 2008 to early 2012 (Zeri et al., 2011; Smith et al., 2013) 
Management Year Prairie Corn Soybean Switchgrass Miscanthus 
Planting 
day 
2008 May 28  May 6 - May 29 Jun 2–16 
2009 - May 12  - -  Replanting 
 May 21–27  
2010 - - May 25  - Replanting 
Apr 12–19  
2011 - May 11  - - - 
Harvesting 
day 
2008 - Oct 28  - - - 
2009 - Nov 3  - - - 
2010 Mar 19–26  
Nov 19  
- Oct 12  Mar 19–26  
Nov 17  
Mar 19–26  
2011 Nov 18  Oct 6  - Dec 12  Mar 19  
2012 NA NA NA NA Jan 10  
Herbicide 2008 - Lumax 
May 6  
PROUNDP 
Jul 2  
- - Prowl 
Jun 16  
2,4-D 
Jun 16  
2009 - Lumax 
May 12  
- - 2,4-D 
May 5  
Bicep II M  
May 23  
2010 - - - - Bicep II M 
Apr 14 
2011 - Lumax 
Oct 6 
- - Bicep II M 
Apr 14 
Fertilizer 2008 - 168 kg N ha-1 
May 6 
- - - 
2009 - 202 kg N ha-1 
May 12 
- - - 
2010 - - - 56 kg N ha-1 
Apr 21 
- 
2011 - 180 kg N ha-1 
May 11 
- 56 kg N ha-1 
Apr 14 
- 
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Table 2: Chemical Properties of 28% UAN. This type of fertilizer is used in the corn plot. 
The nitrate and ammonium fractions are immediately available for plant growth, but 
ammonium is rapidly oxidized to form nitrate by microbial activities. The remaining 
portion, urea, is hydrolyzed to form ammonium. Then, it is transformed into nitrate by soil 
enzymes. The process to convert organic N to inorganic N takes only a few days (IPNI, 
2012). 
 Properties 
Composition (% by weight) % of the total N 
          Ammonium Nitrate 40 
          Ammonium 25 
          Nitrate 25 
          Urea 30  50 
          Water 30 - 
 
3.1.3 Available data for model validation 
 The fields are managed and monitored by EBI at the University of Illinois. Weather 
stations were set up in the middle of each subplot in order to record climate conditions: the 
average air temperature, relative humidity, average and maximum wind speed, wind direction, 
and total precipitation every fifteen minute (Sayo, 2012). The tile drains were independently 
installed in 2007 at a depth of 1.22 m (Figure 2). The tile drain flow and ammonium and nitrate 
loads dissolved in the drainage are recorded at the southwest corner. Moreover, Smith et al. 
(2013) measured soil organic C and total N concentration, particle size, and bulk density to a 
depth of 1.00 m prior to the experiment’s start in 2008. N mineralization and nitrification were 
also measured to a depth of 0.30 m from 2009 to 2011. Nitrous oxide was determined using 
vented static chambers inserted to a depth of 0.05 m. In addition, litter inputs, crop's above-
ground C, and leaf area index (LAI) were measured (Zeri et al., 2011; Anderson-Teixeira et al., 
2013). 
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Figure 2: Tile drainage in the EBI site is located at a depth of 1.22 m. Each plot is 
independently drained, and the tile drain flow and nitrate and ammonium concentrations 
in the drainage are recorded at the southwest corner. This figure was directly obtained 
from Chaoka (2012). 
 
3.2 PALMS version 5.4.0 
 In this study, we implemented the Precision Agricultural Landscape Modeling System 
(PALMS) to simulate the ecohydrological dynamics. The model has been primarily used in the 
Midwestern US, and simulates plant phenology, surface and subsurface water, and heat 
movement with the inputs of soil texture, topography, vegetation type, and tile drainage map 
(Molling et al., 2005). For this study, there was no need to parameterize maize and soybean since 
their submodels have been thoroughly validated. However, in terms of miscanthus, and 
switchgrass submodels, physiological and phenological parameterizations were required. Chaoka 
(2012) has presented initial parameterizations for these two crops. These parameterizations were 
further improved with the experimental data recorded in Urbana-Champaign, Illinois (Heaton et 
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al., 2008; Dohleman, 2009; Van Loocke et al., 2010, 2012; Le et al., 2011; Dohleman et al., 
2012), and from previous publications such as Collatz et al. (1992), Neukirchen et al. (1999), and 
Monti and Zatt (2009) (Table 3). The model outputs have been verified with above-ground C and 
LAI at the EBI site and an adjacent site in Bondville, Champaign, IL, as shown in Figure 3. The 
results sufficiently explain their seasonal variations. Key equations are presented in Appendix A. 
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Figure 3: Simulated (SM) and observed (OB) leaf area index (LAI) and above-ground 
carbon (C) throughout the growing season from 2005 to 2011. The observed LAI data of 
2005 and 2006 was obtained at Bondville, Champaign, Illinois, adjacent to the study site 
(Heaton et al., 2008), while that of 2010 was at the EBI site (Zeri et al., 2011). All observed 
above-ground C was obtained from the EBI site (Anderson-Teixeira et al., 2013). 
SCSCCSC, PV, MG, and DOY represent soybean-corn-soybean-corn-corn-soybean-corn 
rotation, switchgrass, miscanthus, and day of year, respectively. 
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3.3 Soil carbon and nitrogen cycle model 
 We coupled PALMS with a biogeochemical model based on D'Odorico et al. (2003), 
Porporato et al. (2003), and Quijano et al. (2013) (Figure 4). Seasonal dynamics of eco-
hydrological components simulated with PALMS, which are used to force the soil C and N cycle 
model, are shown in Figure 5 and 6. This multilayer model provides detailed simulation of soil C 
and N that are intervened with soil microbes in connection with land use change, climate, 
vegetation, and field management practice. The model is based on mass balance equations of C 
and N in the soil and microorganisms. The model predicts the microbial dynamics by accounting 
the C and N available to sustain the microbial growth at a fixed C:N ratio. Therefore, the model 
captures the limitation of N in below-ground nutrient dynamics and how the litter C:N ratio plays 
a critical role in regulating decomposition, mineralization, and immobilization. We thus believe 
that this model is appropriate for analyzing the influence of ecohydrological processes on the 
biogeochemical dynamics of C and N under different crops. Figure 7 shows a schematic 
representation of the model. Three pools are used to describe soil organic matter (litter, humus, 
and microbial C and N), and two pools are used to describe soil mineral N (ammonium and 
nitrate). In this paper, we made some improvements to the model presented in Quijano et al. 
(2013) in terms of (1) litterfall and (2) plant N uptake. In addition, (3) denitrification, (4) N flux 
at tile drainage, and (5) fertilizer application were included. More details are described in the 
following sections. 
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Figure 4: Schematic diagram showing the connection between PALMS and soil C and N 
cycle model. Geometric, ecological, and climate conditions of the study site were used to 
simulate eco-hydrological components with PALMS. Then, its outputs were used, forcing 
the soil C and N cycle model. 
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Figure  5: The simulation of soil moisture (a and b), soil ice (c and d), soil temperature (e 
and f), water flux (g and h), and tile drainage flow (i) in corn-corn-soybean rotation 
(CCS), switchgrass (SG), and miscanthus (MG) fields. The ensemble of simulation 
results from T0=2008 to T0+100 (light line) are overlaid on the average value (thick 
line).  
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Figure 6: The simulation of water uptake (a), aboveground C (b), and cumulative root 
fraction (c). The ensemble of simulation results from T0=2008 to T0+100 (light line) are 
overlaid on the average value (thick line) in Figure 6a and b. Dashed red line represents 
corn while dotted red line is for soybean. 
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Figure 7: Schematic representation of soil C and N cycle model. 
 
3.3.1 Soil carbon cycle 
 The C mass balance for the litter, humus, and biomass, including bioturbation and root 
death, are given by: 
𝑑𝐶𝑙
𝑑𝑡
= 𝐴𝐷𝐷𝑏𝑖𝑜 + 𝐴𝐷𝐷𝑏𝑒𝑙𝑜𝑤 + 𝐵𝐷 − 𝐷𝐸𝐶𝑙 (3.3.1.1) 
𝑑𝐶ℎ
𝑑𝑡
= 𝑟ℎ𝐷𝐸𝐶𝑙 − 𝐷𝐸𝐶ℎ (3.3.1.2) 
𝑑𝐶𝑏
𝑑𝑡
= (1 − 𝑟ℎ − 𝑟𝑟)𝐷𝐸𝐶𝑙 + (1 − 𝑟𝑟)𝐷𝐸𝐶ℎ − 𝐵𝐷 (3.3.1.3) 
where 𝐶𝑙, 𝐶ℎ, and 𝐶𝑏 are C concentrations in the litter, humus, and biomass pools, respectively 
[M L-3]. 𝐴𝐷𝐷𝑏𝑖𝑜 and 𝐴𝐷𝐷𝑟𝑜𝑜𝑡 are the flux of soil litter due to bioturbation disturbance [M L
-2 T-
1], and root and/or rhizome death added to the litter pool as external sources [M L-2 T-1], 
respectively. 𝐵𝐷 is C to the soil due to microbial biomass death [M L-2 T-1]. 𝐷𝐸𝐶𝑙, and 𝐷𝐸𝐶ℎ are 
the C outputs from litter and humus pool, respectively, as a result of microbial decomposition [M 
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L-2 T-1]. Finally, the non-dimensional coefficients 𝑟ℎ and 𝑟𝑟 represent the fractions that determine 
how much is going to the humus pool and respiration from the decomposed organic C. 
 The sum of Eqs. (3.4.1) – (3.4.3) provide the total C mass balance equation:  
𝑑𝐶𝑡𝑜𝑡
𝑑𝑡
= 𝐴𝐷𝐷𝑏𝑖𝑜 + 𝐴𝐷𝐷𝑏𝑒𝑙𝑜𝑤 − 𝑟𝑟𝐷𝐸𝐶𝑙 − 𝑟𝑟𝐷𝐸𝐶ℎ (3.3.1.4) 
 The external C input to the soil litter system from above-ground (𝐴𝐷𝐷𝑎𝑏𝑜𝑣𝑒) [M L
-2 T-1] 
has been modified to incorporate seasonal variation in above-ground C  and biomass inputs when 
harvested. The structure of this litterfall model is mainly based on a phenological process, leaf C 
dynamic. Specifically, after a period of time during which leaves are physiologically active, leaf 
life span (𝐿𝑙𝑠), the leaves die and fall off. 
𝐴𝐷𝐷𝑎𝑏𝑜𝑣𝑒(𝑡) = ∆𝐶𝑙𝑒𝑎𝑓(𝑡 − 𝐿𝑙𝑠) + 𝐻𝑎𝑏𝑜𝑣𝑒(𝑡) (3.3.1.5) 
where 
∆𝐶𝑙𝑒𝑎𝑓 = 𝑚𝑎𝑥(𝐶𝑙𝑒𝑎𝑓(𝑡) − 𝐶𝑙𝑒𝑎𝑓(𝑡 − 1), 0) (3.3.1.6) 
𝐻𝑎𝑏𝑜𝑣𝑒(𝑡) = � 𝐶𝑡𝑜𝑡𝑎𝑙,𝑎𝑏𝑜𝑣𝑒(𝑡) 𝐴ℎ𝑑𝑓𝛿(𝑡 − 𝑑)𝑑𝑡+∞
−∞
 
(3.3.1.7) 
where ∆𝐶𝑙𝑒𝑎𝑓(𝑡), and 𝐻𝑎𝑏𝑜𝑣𝑒(𝑡) are leaf C change [M L-2 T-1], and harvest above-ground litter 
input [M L-2 T-1], respectively. Leaf C and total above-ground C are described as 𝐶𝑙𝑒𝑎𝑓(𝑡) [M L-2 
T-1], and 𝐶𝑡𝑜𝑡𝑎𝑙,𝑎𝑏𝑜𝑣𝑒(𝑡) [M L-2 T-1]. 𝐴ℎ𝑑𝑓 , and 𝑑  represent the a fraction of the total above-
ground C to the soil when harvested (non-dimensional factor), and the harvest day, respectively. 
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 Levis et al. (2004) assumed that, in their model, the litterfall to root death ratio would be 
constant throughout the year. In the same concept, we developed 𝐴𝐷𝐷𝑏𝑒𝑙𝑜𝑤  [M L
-2 T-1] 
proportional to 𝐴𝐷𝐷𝑎𝑏𝑜𝑣𝑒 by a non-dimensional factor, 𝑅𝑙𝑟. 
𝐴𝐷𝐷𝑏𝑒𝑙𝑜𝑤(𝑡) = 𝐴𝐷𝐷𝑎𝑏𝑜𝑣𝑒(𝑡)  𝑅𝑙𝑟 𝑅𝑓 + 𝐻𝑏𝑒𝑙𝑜𝑤(𝑡) (3.3.1.8) 
𝐻𝑏𝑒𝑙𝑜𝑤(𝑡) = � 𝐶𝑡𝑜𝑡𝑎𝑙,𝑏𝑒𝑙𝑜𝑤(𝑡) 𝐵ℎ𝑑𝑓 𝛿(𝑡 − 𝑑)𝑑𝑡+∞
−∞
 (3.3.1.9) 
where 𝑅𝑓, 𝐻𝑏𝑒𝑙𝑜𝑤(𝑡), and 𝐶𝑡𝑜𝑡𝑎𝑙,𝑏𝑒𝑙𝑜𝑤 are the root fraction, harvested below-ground litter input 
[M L-2 T-1], and total below-ground C [M L-2 T-1]. 𝐵ℎ𝑑𝑓, nondimensional factors, is also used to 
represent the harvest litter input fraction of the total below-ground C. 𝑑 is here the harvest day. 
 Bioturbation, the re-distribution of the soil nutrients by animals and plants, is taken into 
account in order to improve the accuracy of the external input to the system. A diffusive model is 
commonly used to describe this process, and thus adopted:  
𝜕𝐶𝑙
𝜕𝑡
= 𝜕
𝜕𝑧
𝐵𝑏𝑖𝑜
𝜕𝐶𝑙
𝜕𝑧
 
(3.3.1.10) 
where 𝐵𝑏𝑖𝑜, the bioturbation diffusivity, reduces with soil depth (𝑧), and follows Cousins et al. 
(1999). The value of 𝐵𝑏𝑖𝑜 is approximately 20% of that of the surface 𝐵𝑏𝑖𝑜 at 0.15 m depth (see 
Quijano et al., 2013).  
𝐵𝑏𝑖𝑜(𝑧) = 𝐵𝑏𝑖𝑜,𝑡𝑜𝑝exp (−0.1 𝑧) (3.3.1.11) 
where 𝐵𝑏𝑖𝑜,𝑡𝑜𝑝 represents the bioturbation diffusivity at the top of the soil. 
 C decomposition in the litter and humus pool, and microbial death are: 
𝐷𝐸𝐶𝑙 = 𝜑𝑓𝑑(𝑠)𝑓𝑑(𝑇)𝐶𝑏𝑘𝑙𝐶𝑙 (3.3.1.12) 
 26 
 
𝐷𝐸𝐶ℎ = 𝜑𝑓𝑑(𝑠)𝑓𝑑(𝑇)𝐶𝑏𝐶ℎ (3.3.1.13) 
𝐵𝐷 = 𝐶𝑏𝑘𝑑 (3.3.1.14) 
The non-dimensional coefficient, 𝜑 , is used to decrease the decomposition rate under the 
conditions where 𝐴𝐷𝐷𝑏𝑖𝑜, and 𝐴𝐷𝐷𝑏𝑒𝑙𝑜𝑤 are nitrogen poor and the immobilization is not enough 
to support microbial nitrogen needs. The parameters 𝑘𝑙 , 𝑘ℎ , and 𝑘𝑑  are the weighted-average 
biomass decomposition rates for litter, humus, and biomass pools, respectively [L T-1]. The 
equation of 𝜑 and the computation of these constants will be discussed in Section 3.3.3. 
 Both soil moisture and temperature have a great effect on the decomposition rate (Paul et 
al., 2001). Therefore, instead of considering only the soil moisture factor in Porporato et al. 
(2003), we added the soil temperature factor in the model as well (Quijano et al, 2013):  
𝑓𝑑(𝑠) = 𝑚𝑖𝑛 �log (7.58/|𝑠𝑚𝑝|)log (7.58/0.01) , 1� (3.3.1.15) 
𝑓𝑑(𝑇) = 𝑚𝑖𝑛 �1.9𝑇−2510 , 1� (3.3.1.16) 
where 𝑠𝑚𝑝, and 𝑇 are soil matric potential [MPa], and soil temperature, [℃], respectively.  
3.3.2 Soil nitrogen cycle 
 The nitrogen mass balance originating from the C mass balance with the proper C:N 
ratios for the litter, humus, and biomass are: 
𝑑𝑁𝑙
𝑑𝑡
= 𝐴𝐷𝐷𝑏𝑖𝑜(𝐶:𝑁)𝑠−𝑏𝑖𝑜 + 𝐴𝐷𝐷𝑏𝑒𝑙𝑜𝑤(𝐶:𝑁)𝑏𝑒𝑙𝑜𝑤 + 𝐵𝐷(𝐶:𝑁)𝑏 + 𝐷𝐸𝐶𝑙(𝐶:𝑁)𝑙 (3.3.2.1) 
𝑑𝑁ℎ
𝑑𝑡
= 𝑟ℎ 𝐷𝐸𝐶𝑙(𝐶:𝑁)ℎ − 𝐷𝐸𝐶ℎ(𝐶:𝑁)ℎ (3.3.2.2) 
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𝑑𝑁𝑏
𝑑𝑡
= �1 − 𝑟ℎ (𝐶:𝑁)𝑙(𝐶:𝑁)ℎ� 𝐷𝐸𝐶𝑙(𝐶:𝑁)𝑙 + 𝐷𝐸𝐶ℎ(𝐶:𝑁)ℎ − 𝐵𝐷(𝐶:𝑁)𝑏 −  Φ (3.3.2.3) 
where 𝐴𝐷𝐷𝑏𝑖𝑜  and 𝐴𝐷𝐷𝑏𝑒𝑙𝑜𝑤  are in the units of [M L
-2 T-1]. 𝑁𝑙 , 𝑁ℎ , and 𝑁𝑏  are the N 
concentrations in the litter, humus, and biomass pools, respectively [M L-3 T-1]. (𝐶:𝑁)𝑠−𝑏𝑖𝑜, (𝐶:𝑁)𝑏𝑒𝑙𝑜𝑤 , (𝐶:𝑁)𝑙 , (𝐶:𝑁)ℎ , and (𝐶:𝑁)𝑏  are the C:N ratios for the soil layer where the 
bioturbation process occurs, below-ground, and litter, humus, and biomass pools, respectively. Φ 
represents the net mineralization or immobilization since only the net value is required for the 
modeling purpose. The total N mass balance function will be presented in Eq. (3.3.2.14) due to 
its complexity. 
 As mentioned above, we are only interested in net mineralization or net immobilization. 
Therefore, Φ is calculated as: 
Φ = 𝑀𝐼𝑁 − 𝐼𝑀𝑀 (3.3.2.4) 
where  
�𝑀𝐼𝑁 = Φ
𝐼𝑀𝑀 = 0         𝑖𝑓  Φ > 0 (3.3.2.5) 
�𝑀𝐼𝑁 = 0     
𝐼𝑀𝑀 = −Φ     𝑖𝑓  Φ < 0 (3.3.2.6) 
⎩
⎪
⎨
⎪
⎧𝐼𝑀𝑀+ = 𝑘𝑖+𝑁+
𝑘𝑖
+𝑁+ + 𝑘𝑖−𝑁− 𝐼𝑀𝑀
𝐼𝑀𝑀− = 𝑘𝑖−𝑁−
𝑘𝑖
+𝑁+ + 𝑘𝑖−𝑁− 𝐼𝑀𝑀  
(3.3.2.7) 
where 𝑀𝐼𝑁, 𝐼𝑀𝑀 are the gross rates of mineralization, and immobilization, respectively [M L-3 
T-1]. The determination of those two states are driven by the constant C:N ratio of the biomass: (i) 
when the C:N ratio of the biomass pool is lower than the required value for the biomass C:N 
ratio, net mineralization occurs. On the other hand, (ii) under the situation that the decomposing 
 28 
 
organic matter does not contain enough N, microorganism consumes the mineral N pools in 
order to meet its demands by increasing the immobilization (Porporato et al., 2003). 
 Φ is calculated by substituting Eq. (3.3.1.3) in Eq. (3.3.2.3): 
Φ = 𝜑𝑓𝑑(𝑠)𝑓𝑑(𝑇)𝑘ℎ𝐶𝑏𝐶ℎ � 1(𝐶:𝑁)ℎ −   1 − 𝑟𝑟(𝐶:𝑁)𝑏�  + 𝜑𝑓𝑑(𝑠)𝑓𝑑(𝑇)𝑘𝑙𝐶𝑏𝐶𝑙 � 1(𝐶:𝑁)𝑙  
−
𝑟ℎ(𝐶:𝑁)ℎ −   1 − 𝑟ℎ − 𝑟𝑟(𝐶:𝑁)𝑏 �� 
(3.3.2.8) 
 Due to deficient mineral N, environmental conditions, and biomass concentration, the 
rate of immobilization may be reduced by 𝜑. Quiljano et al. (2013) assume the upper limit for 
the immobilization rate is dependent on soil moisture and temperature: 
𝐼𝑀𝑀 ≤ 𝐼𝑀𝑀𝑚𝑎𝑥 (3.3.2.9) 
𝐼𝑀𝑀𝑚𝑎𝑥 = (𝑘𝑖+𝑁+ + 𝑘𝑖−𝑁−)𝑓𝑑(𝑠)𝑓𝑑(𝑡) (3.3.2.10) 
 Following Porporato et al. (2003), there are two cases for the immobilization rate: (i) 
immobilization is unrestricted (𝜑=1); that is, the immobilization rate does not exceed the 
maximum rate. If, instead (ii), it is higher than the maximum rate, the immobilization becomes 
equal to the maximum possible rate, and the mineralization rate is reduced. This is modeled by 
decreasing 𝜑 lower than 1. By Eqs. (3.3.1.12) and (3.3.1.13), 𝜑 is: 
𝜑 = (𝑘𝑖+𝑁+ + 𝑘𝑖−𝑁−)
𝑘ℎ𝐶𝑏𝐶ℎ �
1(𝐶:𝑁)ℎ −   1 − 𝑟𝑟(𝐶:𝑁)𝑏�  + 𝑘𝑙𝐶𝑏𝐶𝑙 � 1(𝐶:𝑁)𝑙   − 𝑟ℎ(𝐶:𝑁)ℎ −   1 − 𝑟ℎ − 𝑟𝑟(𝐶:𝑁)𝑏 �� (3.3.2.11) 
 The mass balance equations of ammonium and nitrate are: 
𝑑𝑁+
𝑑𝑡
= 𝑀𝐼𝑁 + 𝐼𝑀𝑀+ − 𝑁𝐼𝑇 − 𝐿𝐸+ − 𝐿𝐸𝑡𝑖𝑙𝑒−𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒+ − 𝑈𝑃𝑠𝑜𝑖𝑙+ + 𝐴𝐷+𝑧 + 𝐹+𝑧  (3.3.2.12) 
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𝑑𝑁−
𝑑𝑡
= 𝑁𝐼𝑇 − 𝑁2𝑂𝑛𝑖𝑡 − 𝐷𝐸𝑁𝐼𝑇 − 𝐼𝑀𝑀− − 𝐿𝐸− − 𝐿𝐸𝑡𝑖𝑙𝑒−𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒− − 𝑈𝑃𝑠𝑜𝑖𝑙−
+ 𝐴𝐷−
𝑧
+ 𝐹−
𝑧
 
(3.3.2.13) 
where 𝑁+ , and 𝑁−  are the inorganic N concentration in the ammonium and nitrate pools, 
respectively [M L-3]. 𝑁𝐼𝑇 , 𝐷𝐸𝑁𝐼𝑇 , and 𝑁2𝑂𝑛𝑖𝑡  are the nitrification rate [M L
-3 T-1], the 
denitrification rate [M L-3 T-1], and the N2O flux from nitrification [M L-3 T-1], respectively. 𝐿𝐸+ 
and 𝐿𝐸− are ammonium and nitrate leaching from the bottom of each soil layer, respectively [M 
L-3 T-1], while 𝐿𝐸𝑡𝑖𝑙𝑒−𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒+  and 𝐿𝐸𝑡𝑖𝑙𝑒−𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒−  are ammonium and nitrate leaching from the 
tile-drainage, respectively [M L-3 T-1]. 𝑈𝑃𝑠𝑜𝑖𝑙+  and 𝑈𝑃𝑠𝑜𝑖𝑙−  are the plants N uptake from 
ammonium and nitrate pools, respectively [M L-3 T-1]. In order word, they are the sum of active 
and passive N uptakes. 𝐴𝐷 and 𝐹 are the atmospheric N deposition [M L-3 T-1] and N fertilizer 
application [M L-3 T-1], respectively.  
 The sum of Eqs. (3.3.2.1) – (3.3.2.3), (3.3.2.12), and (3.3.2.13) provide the total nitrogen 
mass balance equation: 
𝑑𝑁𝑡𝑜𝑡
𝑑𝑡
= 𝐴𝐷𝐷𝑏𝑖𝑜(𝐶:𝑁)𝑠−𝑏𝑖𝑜 + 𝐴𝐷𝐷𝑏𝑒𝑙𝑜𝑤(𝐶:𝑁)𝑏𝑒𝑙𝑜𝑤 − 𝐿𝐸+ − 𝐿𝐸𝑡𝑖𝑙𝑒−𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒+ − 𝑈𝑃𝑠𝑜𝑖𝑙+ + 𝐴𝐷+𝑧 + 𝐹+𝑑𝑧
− 𝑁2𝑂𝑛𝑖𝑡 − 𝐷𝐸𝑁𝐼𝑇 − 𝐿𝐸
− − 𝐿𝐸𝑡𝑖𝑙𝑒−𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒
− − 𝑈𝑃𝑠𝑜𝑖𝑙
− + 𝐴𝐷−
𝑧
+ 𝐹−
𝑑𝑧
 
(3.3.2.14) 
 Eqs. (3.3.1.4) and (3.3.2.14) indicate the global C and N changes of the soil system. 
 In this thesis, we developed a simple N fertilizer application ( 𝐹± ) model by 
instantaneously imposing N to a depth of 0.1m. Due to the fact that the process to convert 
organic N to inorganic N takes only a few days (IPNI, 2012), we did not consider organic N pool. 
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However, a different volatilization fraction of urea and ammonium from the applied fertilizer (𝑉𝑓) 
is implemented as described in Jones et al. (2007). 
𝐹+ = � 𝐹𝑛𝑖𝑡 𝛿(𝑡 − 𝑑)𝑑𝑡+∞
−∞
 
(3.3.2.15) 
𝐹− = � 𝐹𝑎𝑚𝑚 & 𝑢𝑟𝑒𝑎 �1 − 𝑉𝑓�𝛿(𝑡 − 𝑑)𝑑𝑡+∞
−∞
 
 
where 𝐹𝑛𝑖𝑡 , and 𝐹𝑎𝑚𝑚 & 𝑢𝑟𝑒𝑎  are actual amount of applied nitrate, and ammonium and urea 
fertilizer [M L-2 T-1], respectively, and follows the EBI site's treatments. 𝑑 is here the day when 
fertilizer applies. 
 The nitrification rates are modeled based on the paper by Porporato et al. (2003). We, 
however, consider the soil temperature factor as well in order to simulate its effect on 
nitrification process.  
𝑁𝐼𝑇 = 𝑓𝑛(𝑠)𝑓𝑛(𝑇)𝑘𝑛𝐶𝑏𝑁+ (3.3.2.16) 
where 𝑘𝑛, a constant parameter in time, is the rate of nitrification [L
3 T-1 M-1].  𝑓𝑛(𝑠) and 𝑓𝑛(𝑇), 
nondimensional factors, represent the soil moisture and temperature effects on nitrification, 
respectively, which behave similar to those for decomposition. We therefore employ the same 
equations for the model’s simplicity. 
 N2O flux from nitrification and denitrification submodels are based on DAYCENT 
(Parton et al., 2001; Del Grosso et al., 2000; Parton et al., 1996). It is hypothesized that N2O flux 
from nitrification (𝑁2𝑂𝑁𝐼𝑇) [M L-3 T-1] is proportional to the nitrification rate: 
𝑁2𝑂𝑁𝐼𝑇 = 𝐾2𝑁𝐼𝑇 (3.3.2.17) 
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where 𝐾2  is a non-dimensional factor estimated from observed values, and should be 
approximately 0.02. 
 Del Grosso et al. (2000) developed a simple denitrification model as functions of soil 
nitrate, heterotrophic respiration, water-filled pore space (WFPS), field capacity, and bulk 
density. Denitrification (𝐷𝐸𝑁𝐼𝑇) is estimated as: 
𝐷𝐸𝑁𝐼𝑇 = 𝑚𝑖𝑛�𝐹𝑑,𝑁− ,  𝐹𝑑,𝐶𝑂2−𝑠𝑜𝑖𝑙� 𝐹𝑑,𝑊𝐹𝑃𝑆 (3.3.2.18) 
where 
𝐹𝑑,𝑁− = 1.15(𝑁−)0.57 (3.3.2.19) 
𝐹𝑑,𝐶𝑂2−𝑠𝑜𝑖𝑙 = 0.1(𝐶𝑂2−𝑠𝑜𝑖𝑙)1.3 (3.3.2.20) 
𝐹𝑑,𝑊𝐹𝑃𝑆 = 0.5 atan (0.6𝜋(0.1𝑊𝐹𝑃𝑆 − 𝑎))𝜋  (3.3.2.21) 
𝑎 = 0.9 −𝑀 𝐶𝑂2−𝑠𝑜𝑖𝑙 (3.3.2.22) 
𝑀 = 𝑚𝑖𝑛(0.113,𝐷𝐹𝐶) (−0.305) + 0.36 (3.3.2.23) 
𝑊𝐹𝑃𝑆 = 100 𝑠
𝜌𝑏
 (3.3.2.24) 
where 𝐹𝑑,𝑁− [M L-3 T-1], and 𝐹𝑑,𝐶𝑂2−𝑠𝑜𝑖𝑙  [M L-3 T-1] are functions of soil nitrate concentration 
(𝑁−) and soil respiration (𝐶𝑂2−𝑠𝑜𝑖𝑙) relevant to soil N gas flux, respectively. They are maximum 
rates under the condition that other factors, such as soil respiration (in 𝐹𝑑,𝑁− function), nitrate (in 
𝐹𝑑,𝐶𝑂2−𝑠𝑜𝑖𝑙 function), and WFPS (in both functions) are not limiting factors. Then, by selecting 
the minimum values between the 𝐶𝑂2−𝑠𝑜𝑖𝑙 and 𝑁− functions, the denitrification rate becomes a 
maximum potential emission. This is multiplied by WFPS to consider the soil moisture effects. 
The multiplier of 𝑀 is a function of 𝐷𝐹𝐶 , field capacity. 𝑠, and 𝜌𝑏  represent the relative soil 
moisture, and bulk density, respectively. 
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 Now, we have the total N gas flux denitrification. The N2O flux from denitrification is 
modeled as: 
𝑁2𝑂𝐷𝐸𝑁𝐼𝑇 = 𝐷𝐸𝑁𝐼𝑇(1 + 𝑅𝑁2/𝑁2𝑂) (3.3.2.25) 
where 
𝑅𝑁2/𝑁2𝑂 = 𝐹𝑟,𝑁−/𝐶𝑂2−𝑠𝑜𝑖𝑙𝐹𝑟,𝑊𝐹𝑃𝑆 (3.3.2.26) 
𝐹𝑟,𝑁−/𝐶𝑂2−𝑠𝑜𝑖𝑙 = 𝑚𝑎𝑥 (0.16𝑘𝑟 ,𝑘𝑟𝑒−0.8𝑁𝐼𝑇/𝐶𝑂2−𝑠𝑜𝑖𝑙) (3.3.2.27) 
𝐹𝑟,𝑊𝐹𝑃𝑆 = 𝑚𝑎𝑥 (0.1, 0.015𝑊𝐹𝑃𝑆 − 0.32) (3.3.2.28) 
𝑘𝑟 = 𝑚𝑎𝑥 (1.7, 38.4 − 350𝐷𝐹𝐶) (3.3.2.29) 
where 𝑅𝑁2/𝑁2𝑂 is a ratio between 𝑁2 and 𝑁2𝑂 from the denitrification. 𝐹𝑟,N−/CO2−soil  is defined 
as a function of the electron donor to the substrate. 𝑘𝑟  controls the maximum value of the 
𝑁2/𝑁2𝑂 ratio relevant to the field capacity. The effect of water on this fraction is considered as 
𝐹𝑟,𝑊𝐹𝑃𝑆. Therefore, total N2O is estimated as: 
𝑁2𝑂 = 𝑁2𝑂𝑁𝐼𝑇 + 𝑁2𝑂𝐷𝐸𝑁𝐼𝑇 (3.3.2.30) 
 Ammonium and nitrate leaching occurs when there are water fluxes between soil layers. 
It is, therefore, simply modeled proportional to the water fluxes at the bottom of each soil layer, 
𝑞, [L T-1] (Porporato et al., 2003).  
𝐿𝐸± = 𝑎± 𝑞
𝑠𝑛𝑧
𝑁± (3.3.2.31) 
where 𝑠, 𝑛, and 𝑧 are the relative soil moisture, porosity, and soil depth [L], respectively. The 
term, 𝑠𝑛𝑧  defines the volume of water per unit area. 𝑎± , non-dimensional factors, are the 
fractions of the dissolved mineral ammonium and nitrate. Due to the positive charge, ammonium 
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tries to adhere to the soil, thus reducing the amount of leached ammonium, 𝑎+ = 0.05. On the 
order hand, because of the negative charge and the high solubility of the nitrate, 𝑎−  is here 
assumed to be 1, as in D’Odorico et al. (2003). 
 We developed N leaching to the tile-drainage, 𝐿𝐸𝑡𝑖𝑙𝑒−𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒
± , [M L-3 T-1], which was 
modeled in a similar way to the soil N leaching flux between soil layers: 
𝐿𝐸𝑡𝑖𝑙𝑒−𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒
± = 𝑡𝑎± 𝑞𝑡𝑖𝑙𝑒−𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒
𝑠𝑛𝑧
𝑁± (3.3.2.32) 
where 𝑞𝑡𝑖𝑙𝑒−𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 is tile drainage flow in a unit of [L T
-1]. We assume that the tile drainage 
ammonium leaching might be two times greater than soil ammonium leaching flux: 𝑡𝑎+ = 2 𝑎+; 
𝑡𝑎− = 𝑎−.  
 The plant N uptake mechanism is not fully understood and all of the present equations 
have a certain level of limitations. Active N uptake modeling is particularly difficult to 
accurately model since it requires energy metabolically driven by converting from adenosine 
triphosphate to advanced distributor products (Hopmans and Bristow, 2002). We, therefore, 
followed a simple N uptake modeling procedure as suggested by Proporato et al. (2003), and 
then modified this model to incorporate plant N-fixation: 
𝑈𝑃± = 𝑈𝑃𝑃± + 𝑈𝑃𝑎± + 𝑈𝑃𝑓± (3.3.2.33) 
where the passive N uptake can be modeled proportional to the plant water uptake rate, U [L T-1], 
and to the soil N concentration, because it is widely proven that the passive plant nutrient uptake 
is significantly related to the transpiration rate, even when active uptake dominates (Hopmans 
and Bristow, 2002; Proporato et al., 2003): 
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𝑈𝑃𝑃
± = 𝑎± 𝑈
𝑠𝑛𝑧
𝑁± (3.3.2.34) 
where 𝑠, 𝑛, and 𝑧 are the relative soil moisture, porosity, and soil depth [L], respectively. The 
term, 𝑠𝑛𝑧 , defines the volume of water per unit area. 𝑎± , non-dimensional factors, are the 
fractions of the dissolved mineral ammonium and nitrate as described in the N leaching model. 
 Based on the paper by Porporato et al. (2003), active N uptake occurs in three cases based 
on the plant N demand and soil N availability. Here, we improved the model by considering the 
plant N fixation. Gopalakrishnan et al. (2011) simulated switchgrass and miscanthus N fixations 
by considering a parameter, a nitrogen fixation index (total plant N uptake/plant N from soil). In 
the same concept, we used a parameter, 𝑁𝑓𝑟, that makes “plant N fixation”/“plant N uptake from 
soil” to be within the acceptable range. For developing the model, we hypothesized that if the 
crop had a N fixation ability, the N demand from active N uptake would decrease: 
�
𝑈𝑃𝑎
± = 0
𝑈𝑃𝑓
± = 0                                                                      
                                                                      𝑖𝑓 𝐷𝐸𝑀± − 𝑈𝑃𝑝± < 0 
(3.3.2.35) 
                �𝑈𝑃𝑎± = (𝑘𝑢𝑁±)𝑟1                                                               
𝑈𝑃𝑓
± = �𝑈𝑃𝑃± + 𝑈𝑃𝑎±�𝑁𝑓𝑟 ≤ 𝐷𝐸𝑀± − 𝑈𝑃𝑃± − 𝑈𝑃𝑎±       
                                                                             𝑖𝑓 𝑘𝑢𝑁± < 𝐷𝐸𝑀± − 𝑈𝑃𝑝± 
 
                 �𝑈𝑃𝑎± = �𝐷𝐸𝑀± − 𝑈𝑃𝑝±�𝑟2                                              
𝑈𝑃𝑓
± = �𝑈𝑃𝑃± + 𝑈𝑃𝑎±�𝑁𝑓𝑟 ≤ 𝐷𝐸𝑀± − 𝑈𝑃𝑃± − 𝑈𝑃𝑎±       
                                                                                       𝑖𝑓 𝑘𝑢𝑁± > 𝐷𝐸𝑀± − 𝑈𝑃𝑝± > 0 
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where 𝑟1 [-], and 𝑟2 [-] are to make N fixation proportional to N uptake from soil, ranging from 0 
to 1. By changing the inequality sign with an equal sign, the values of 𝑟1, and 𝑟2 can be obtained: 
𝑟1 = 𝐷𝐸𝑀± − (1 + 𝑁𝑓𝑟)𝑈𝑃𝑃±(1 + 𝑁𝑓𝑟)𝑘𝑢𝑁±  (3.3.2.36) 
𝑟2 = 𝐷𝐸𝑀± − (1 + 𝑁𝑓𝑟)𝑈𝑃𝑃±(1 + 𝑁𝑓𝑟)(𝐷𝐸𝑀± − 𝑈𝑃𝑃±)  
where 𝑘𝑢𝑁± denotes the diffusive flux relevant to the concentration differences between the root 
surface and the adjacent soil (Porporato et al., 2003). 𝑘𝑢 [T
-1] is a parameter representing the 
diffusion process relevant to the soil moisture level, and formulated as: 
𝑘𝑢 = 𝑎±𝑠𝑛𝑧 𝑅𝑑𝑖𝑓𝑠𝑑𝑓 (3.3.2.37) 
where 𝑅𝑑𝑖𝑓 and 𝑑𝑓 are a rescaled diffusion coefficient [L T
-1], and a non-dimensional tortuosity 
factor, respectively. Both parameters are chosen based on D’Odorico et al. (2003).  
 Total plant N demand presented in Quijano et al. (2013) has been modified to incorporate 
crops C dynamics: 
𝛥𝐶𝑠𝑡𝑒𝑚 = 𝑚𝑎𝑥(𝐶𝑠𝑡𝑒𝑚(𝑡) − 𝐶𝑠𝑡𝑒𝑚(𝑡 − 1), 0) (3.3.2.38) 
𝛥𝐶𝑔𝑟𝑎𝑖𝑛 = 𝑚𝑎𝑥�𝐶𝑔𝑟𝑎𝑖𝑛(𝑡) − 𝐶𝑔𝑟𝑎𝑖𝑛(𝑡 − 1), 0� (3.3.2.39) 
𝛥𝐶𝑡𝑜𝑡𝑎𝑙,𝑏𝑒𝑙𝑜𝑤 = 𝑚𝑎𝑥�𝐶𝑡𝑜𝑡𝑎𝑙,𝑏𝑒𝑙𝑜𝑤(𝑡) − 𝐶𝑡𝑜𝑡𝑎𝑙,𝑏𝑒𝑙𝑜𝑤(𝑡 − 1), 0� (3.3.2.40) 
𝐷𝐸𝑀 = � 𝛥𝐶𝑙𝑒𝑎𝑓(𝐶:𝑁)𝑙𝑒𝑎𝑓𝑧 + 𝛥𝐶𝑠𝑡𝑒𝑚(𝐶:𝑁)𝑠𝑡𝑒𝑚𝑧 + 𝛥𝐶𝑔𝑟𝑎𝑖𝑛(𝐶:𝑁)𝑔𝑟𝑎𝑖𝑛𝑧 + 𝛥𝐶𝑡𝑜𝑡𝑎𝑙,𝑏𝑒𝑙𝑜𝑤(𝐶:𝑁)𝑏𝑒𝑙𝑜𝑤𝑧 �𝑅𝑓 (3.3.2.41) 
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𝐷𝐸𝑀± = 𝐷𝐸𝑀 𝐹𝑑𝑒𝑚± (3.3.2.42) 
where 𝐷𝐸𝑀  and 𝑏𝑒𝑙𝑜𝑤  represent the total N demand [M L-3 T-1], and below-ground, 
respectively. 𝐶𝑠𝑡𝑒𝑚(𝑡) , and  𝐶𝑔𝑟𝑎𝑖𝑛(𝑡)  are the current time step’s stem and grain carbon, 
respectively. 𝛥𝐶𝑙𝑒𝑎𝑓 , 𝛥𝐶𝑠𝑡𝑒𝑚 , 𝛥𝐶𝑔𝑟𝑎𝑖𝑛 , and 𝛥𝐶𝑡𝑜𝑡𝑎𝑙,𝑏𝑒𝑙𝑜𝑤  thus indicate its carbon changes, and 
when divided by given C:N ratios and multiplied by root fraction, 𝑅𝑓, it becomes the total plant 
N demand at each soil layer. Due to a lack of necessary information, we assume that the grain 
C:N ratio is the same as the stem C:N ratio. Although the N demand plays a crucial role in this 
model, it is very complicated and difficult to distinguish the amount of nitrate or ammonium 
demands from the total N. Therefore, non-dimensional fractions, 𝐹𝑑𝑒𝑚± , are simply used based 
on the fact that the active uptake becomes dominant in the low soil nutrient concentration 
(Hopmans and Bristow, 2002). 
3.3.3 Parameterization 
 Not all of the crops and soil condition parameters were available at the study site; thus, 
some were obtained from relevant published papers as described in Table 4 (more details are 
provided in Appendix B). Although 𝑘𝑛 (rate of nitrification) should have been well-defined for 
the model’s robustness, it seemed that very little information was available. We therefore 
validated those parameters by comparing the simulated results with the accessible observed data 
from 2011.  
 Soil organic C and total N concentrations were sampled before the experiment’s start in 
2008 (Smith et al, 2012). Despite the observed soil organic C, differentiating the litter C or 
humus C from the total amount seemed impracticable. Thus, we employed a litter pool to humus 
pool ratio (1:7.2) as used in D’Odorico et al. (2003), and the values are shown in Figure 11. 
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Unfortunately, soil microbial C were not measured. We, thus, attempted to use another study 
site’s experimental values with the same soil type (silty loam) and crop type (corn-soybean 
rotation), and similar climate conditions (Figure 11). Depth distribution of microbial C followed 
that of total soil organic C due to the significant relationship between them (Granatstein et al., 
1987). 
 As proposed by D’Odorico et al. (2003), the constants. 𝑘𝑙 (litter decomposition rate), 𝑘ℎ 
(humus decomposition rate), and 𝑘𝑏  (microbial biomass death), were estimated from Eqs. 
(3.3.1.1) to (3.3.1.3) by assuming a steady state with corn-soybean rotation (with averaged soil 
moisture, soil temperature, litter C:N ratios, above-ground and below-ground litter inputs, and 
initial 𝐶𝑙, 𝐶ℎ, and 𝐶𝑏). The estimated parameters are presented in Table B 1.  
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Figure 8: Changes of switchgrass (PV) and miscanthus (MG) leaf and stem C:N ratios in a 
year. 
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Table 5: Biogeochemical parameters in soil C and N cycle model.  
Parameters Description Value 
(C:N)h C:N ratio of humus 22 
(D’Odorico et al., 2003) 
(C:N)b C:N ratio of microbial biomass 11.5 
(D’Odorico et al., 2003) 
rr Respiration coefficient 0.60 
(D’Odorico et al., 2003) 
rhmin Minimum fraction of the decomposed litter that 
undergoes humification 
0.15 
(Porporato et al., 2003) 
𝑘𝑖
+ Ammonium immobilization coefficient 
[m3 d-1 g N-1] 
1 
(D’Odorico et al., 2003) 
𝑘𝑖
− Nitrate immobilization coefficient 
[m3 d-1 gN-1] 
1 
(D’Odorico et al., 2003) 
a+ Fraction of dissolved ammonium  0.05 
(D’Odorico et al., 2003) 
a- Fraction of dissolved nitrate  1 
(D’Odorico et al., 2003) 
df Tortuosity factor in active N uptake 3 
(D’Odorico et al., 2003) 
K2 Fraction of nitrification lost as N2O flux 0.02 
(Parton et al., 2001) 
Vf Volatilization fraction of urea and ammonium of 
applied fertilizer 
Urea: 0.205 
Ammonium: 0.61 
(Jones et al., 2007) 
Bbio,top Bioturbation diffusion coefficient at soil surface 
(m2 h-1) 
1.00 × 10-7 
(Cousins et al., 1999) 
AD+ Atmospheric ammonium deposition [gN-1 d-1] 7.95 × 10-4a 
AD- Atmospheric nitrate deposition [gN
-1 d-1] 6.57 × 10-4a 
a Average atmospheric N deposition from 2002 to 2011 at an adjacent site in Bondville, 
Champaign, IL, which is obtained from National Atmospheric Deposition Program 
(http://nadp.sws.uiuc.edu/sites/siteinfo.asp?net=NTN&id=IL11). 
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3.4 Weather generator 
 In this study, the atmospheric forcing used to run the model was generated stochastically 
using the approach developed by Fatichi et al. (2010) and adopted in Le et al. (2011). Different 
variables, such as precipitation, cloud cover, incoming shortwave radiation, air temperature, 
humidity, wind speed, atmospheric pressure, and vapor pressure, were generated. The stochastic 
generation was performed with parameters obtained from 10 years’ of atmospheric data recorded 
in both the study site and Willard Airport. Figure 9 displays the key meteorological variables 
generated. 
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Figure 9: Observed meteorological forcing data in 2011 overlaid on the stochastic weather 
variables generated: (a) daily precipitation, (b) cumulative precipitation, (c) solar 
insolation, and (d) daily temperature. 
 
3.5 Initial conditions 
 The simulations were based on a time frame of 300 years (pre-study period: 200 years, 
and study period: 100 years). Following the site history, we obtained the initial conditions by 
performing a long term simulation with corn-soybean rotation until quasi steady state was 
reached (Figures 10 and 11). 
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Figure 10: Initial conditions for the simulations, which were obtained by performing a 
long-term simulation with a corn-soybean rotation until a quasi-steady state was reached: 
(a) non-linear dynamic in soil C pool and (b) in soil N pool, and (c) total soil organic C to a 
depth of 4.5 m. The arrow represents the start points, while the blue dots denote the final 
points. 
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Figure 11: Simulated and observed (initial) total soil organic C (a), C in litter pool (b), C in 
humus pool (c), and C in biomass pool (d and f) plotted against each other. Only the total 
soil organic C was measured at the start of the study in 2008. Thus, based on D’Odorico et 
al. (2003), a fraction of 1:7.2 was used to differentiate litter C and humus C from the total. 
Depth distribution of microbial C followed that of total soil organic C due to the significant 
relationship between them (Granatstein et al., 1987). Observed values were from Smith et 
al. (2013) and Maughan et al. (2009). 
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Chapter 4: Results 
 In this chapter, we evaluate the ability of the soil C and N model to simulate long term 
impacts of miscanthus and switchgrass cultivations converted from row crops in Midwestern 
United States on soil C and N storages, based on available observations at the EBI site presented 
in section (3.1.3). To analyze the impact of these crops have on the biogeochemical cycling of C 
and N in the soil, we consider different scenarios of amounts of biomass that is returned to the 
soil during harvests. Table 6 lists the scenarios that are considered for each crop. Changes in soil 
organic carbon (SOC) and microbial biomass (SMB) under different amount of harvest litter 
inputs are then discussed. We attempt to understand the relation between SOC accumulation and 
SMB activities in regard to the different crops considered. Response of SOC to fertilizer 
application is also discussed. In the next section, we explore the variation of soil inorganic 
nitrogen (SIN) triggered by an increase in above-ground litter inputs to the soil when harvested. 
The critical role of SMB on litter decomposition, and thus N mineralization are examined as well.  
4.1 Model validation 
 Comparisons of model results and observations of drainage, ammonium and nitrate load 
at tile drainage flows, N mineralization, nitrification, and litterfall in 2011 reveal the ability of 
the model to accurately capture the ecohydrology, as well as the C and N dynamics at the EBI 
site (Figure 12). All of the relative errors were within 10%. In addition, in order to confirm the 
performance of the model, N uptakes of the crops considered over next 100 climatic years of 
simulation are compared with the normal ranges in N uptakes from publications (Wiesler et al., 
1992; Collins et al., 2008; Salvagiotti et al., 2008; Cadoux et al., 2012) as shown in Figure 13. 
Total N leaching for corn-corn-soybean rotation was higher than other crops despite the lowest 
tile drainage flow. On the other hand, miscanthus showed the highest drainage flow due to 
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surface lateral water flux coming from the upslope plots. However, relatively low nitrogen loads 
were observed. This finding highlights the impact of fertilizer application on the N losses. 
 
Table 6: Harvest litter inputs and fertilizer applications scenarios for driving soil C and N 
model predictions. The number in parenthesis represents the mean amount of biomass 
returned to the soil when harvested over the next 100 years. 
Scenario 
% of above-ground  
biomass inputs 
when harvested 
% of above-ground  
biomass inputs 
when harvested 
Fertilizer 
(kg N m-2 yr-1) 
CCS rotation a 
CCS-I b Corn: 50%; Soybean: 100% 
(185 kg C m-2 yr-1) 
Corn: 100%; Soybean: 100% 
(191 kg C m-2 yr-1) 
0.0180 
CCS-II Corn: 100%; Soybean: 100% 
(354 kg C m-2 yr-1) 
Corn: 100%; Soybean: 100% 
(191 kg C m-2 yr-1) 
0.0180 
Switchgrass 
PV-I b 2% (17 kg C m-2 yr-1) 0% 0.0056 
PV-II 2% (165 kg C m-2 yr-1) 0% 0.0056 
PV-III 2% (206 kg C m-2 yr-1) 0% 0.0056 
Miscanthus 
MG-I b 0% 0% 0 
MG-II 2% (87 kg C m-2 yr-1) 0% 0 
MG-III 2% (130 kg C m-2 yr-1) 0% 0 
MG-IV 2% (130 kg C m-2 yr-1) 0% 0.0056 
a Grain carbon is extracted from the above-ground biomass. 
b 2011 harvest litter treatments. 
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Figure 12: Comparisons of modeled and observed (a) drainages, (b) ammonium and (c) 
nitrate concentrations at drainage tiles, (d) mineralization and (e) nitrification to the depth 
of 0.3 m, and (f) above-ground litter inputs in 2011 for corn (ZM), switchgrass (PV), and 
miscanthus (MG). Litter input of soybean (GM) is from 2010. Above-ground C of soybean 
was pulverized when harvested in 2010; thus, we assumed 100% of above-ground C except 
for the grain left in the soil. All of the relative errors were within 10%. 
 49 
 
 
Figure 13: N uptakes of corn (ZM), soybean (GM), switchgrass (PV), and miscanthus (MG) 
over 100 climatic years of simulation with 2011 harvest litter treatments. Boxplots 
(simulation) show mean (◇), median (━), interquartile distance (IQD), 1.5 times IQD, and 
outliers, while bar plot (observation) show the normal ranges in N uptakes from 
publications (Wiesler et al., 1992; Collins et al., 2008; Salvagiotti et al., 2008; Cadoux et al., 
2012) 
 
4.2 Soil organic carbon and microbial biomass 
 Figure 14 shows the projected total soil organic carbon (SOC) and total microbial 
biomass (SMB) to a depth of 4.5 m for different amounts of harvest biomass that is returned to 
the soil. Following 2011 harvest practices (solid lines, scenario I), the results show that 
miscanthus accumulates more SOC than the other crops considered, over the next 100 years. For 
 50 
 
instance, the differences between SOC in T0+100 and the initial SOC are -0.35 kg C m-2, +0.49 
kg C m-2, and +1.77 kg C m-2 in corn-corn-soybean rotation, switchgrass, and miscanthus, 
respectively. Although averaged total C addition into soil from corn-corn-soybean rotation (504 
g C m-2 yr-1) is even higher than switchgrass (376 g C m-2 yr-1) and miscanthus (452 g C m-2 yr-1) 
as shown in Figure 15, the net accumulation in the soil is lower. In order words, the fate of SOC 
cannot be determined solely by amount of above-ground and below-ground litter inputs. Rather, 
it is an interplay between the amount of C added to the soil, dead crop C:N ratios, the level of 
fertilization, and soil temperature and moisture. For instance, The average litterfall and root 
death C:N ratios for miscanthus (51 and 70 in MG-I) and switchgrass (58 and 66 in PV-I) are 
significantly higher than corn-corn-soybean rotation (corn: 43 and 25; soybean: 10 and 12 in 
CCS-I). In addition, mean states of soil moisture and temperature are lower in miscanthus fields 
due to a more prominent LAI (Figure 3 and 5). All these factors and the lack of nitrogen fertilizer 
inhibit decomposition under miscanthus. 
 Results obtained from 2011 harvest practices (scenario I) indicate that litter C:N ratio, 
bioturbation, and fertilizer amount have significant impact on SMB. Specifically, insufficient soil 
N condition, due to relatively high C:N ratio of added litter and no fertilizer application restricted 
the growth of SMB under miscanthus. Although the total amount of SMB to the depth of 4.5 m 
was not very different between miscanthus (297±28 g C m-2), and swichgrass (317±44 g C m-2) 
and corn-corn-soybean rotation (299±21 g C m-2), SMB in the top 0.1 m was distinctive (9, 11, 
and 17 g C m-2 on average in miscanthus, switchgrass, and corn-corn-soybean rotation, 
respectively). This lower SMB in top soil layers for switchgrass and miscanthus is a main 
contributor to the SOC accumulation. 
 The simulation results presented in Figure 14 show that higher inputs of litter biomass 
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when harvested on corn-corn-soybean rotation did not induce considerable variation of SOC. On 
the other hand, the simulations show important changes in SOC for miscanthus and switchgrass 
when different amounts of litter biomass are returned to the soil. As expected, accumulation of 
SOC is enhanced when more biomass is left to the soil. However, we found there is a threshold 
in the fraction of returned biomass after which the accumulation of SOC accelerated. From the 
simulation, we can see that this threshold is around 25% and 15% for switchgrass and 
miscanthus, respectively. 
 As mentioned above there are several factors that control the C dynamics below-ground. 
However, the most important component that causes the substantial accumulation of SOC in 
switchgrass and miscanthus is the high C:N ratio of biomass returned to the soil. Land use 
change from row crops to miscanthus and switchgrass will increase the C:N ratio of organic 
matter in the topsoil, reaching a point at which it requires additional input of N for 
microorganisms (immobilization) to sustain decomposition. This occurs because N in the soil 
organic matter is not sufficient to maintain SMB growth at a fixed C:N ratio. 
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Figure 14: Projected soil organic C (SOC), (a) to (c), and microbial biomass (SMB), (d) to 
(f), changes to a depth of 4.5 m for corn-corn-soybean rotation (CCS), switchgrass (PV), 
and miscanthus (MG) under different harvest litter inputs, if the field is converted from 
corn-soybean rotation in Urbana, Illinois, over the next 100 years. The solid line represents 
2011 harvest practices. Harvest litter inputs are considered as a percentage of the total 
above-ground C. In the corn and soybean cases, the grain C is extracted from the total. 
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Figure 15: Annual above-ground and below-ground litter inputs to the soil in corn (ZM), 
soybean (GM), switchgrass (PV), and miscanthus (MG) averaged over 100 climatic years of 
simulation with 2011 harvest litter treatments. 
 
4.3 Soil nitrogen 
 Figure 16 shows soil inorganic nitrogen (SIN) for corn-corn-soy rotation, switchgrass, 
and miscanthus resulting from scenarios I and III over the next 100 years. Switchgrass and 
miscanthus had considerably lower SIN compared to the corn-corn-soybean rotation. N uptake 
from soil by miscanthus (9±5 g N m-2 yr-1 in MG-I) and switchgrass (18±3 g N m-2 yr-1 in SG-I) 
were lower than corn-corn-soybean rotation (23±10 g N m-2 yr-1 in CCS-I). Similarly, the 
amounts of SIN were also less in the simulations performed with miscanthus and switchgrass. 
 54 
 
The lower levels of N uptake and SIN concentration in miscanthus and switchgrass can be to a 
great extent explained by lessened net mineralization of N associated with reduced 
decomposition observed in these crops as a result of a reduction in SMB in the topsoil as 
described above. 
 As expected, in the corn-corn-soybean rotation, we observed that increased harvest litter 
inputs enhanced SIN (CCS-II). A 48% increase in litter input at time of harvest resulted in a 22% 
higher SIN. This is explained by higher net mineralization rates attained when more biomass is 
returned to the soil. Similar patterns were observed for miscanthus and switchgrass below the 
critical threshold of harvest litter input that is mentioned above. However, above this threshold, a 
reduction in SIN occurred. Specifically, reductions of 17%, and 20% of SIN under miscanthus 
and switchgrass, respectively, occurred in PV-III and MG-III compared to scenario I. On the 
other hand, N uptake by miscanthus and switchgrass were not significantly different between 
scenarios I and III (~2–4% difference) due to a N fixation ability (for miscanthus) and N 
fertilizer application (for switchgrass). 
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Figure 16: Projected soil inorganic nitrogen (SIN) to a depth of 4.5 m for corn-corn-soy 
rotation, switchgrass, and miscanthus under different harvest litter inputs, if the field is 
converted from corn-soybean rotation in Urbana, Illinois, over the next 100 years. The 
solid line represents 2011 harvest practices. 
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Chapter 5: Discussion and Conclusion 
 The main purpose of this study was to assess the impacts of different crops on the long-
term biogeochemical cycling of C and N. We found that soil C accumulation is sensitive to 
harvest litter treatments. Similar findings have been noted in previous studies (Del Grosso et al., 
2005; Adler et al., 2007). Specifically, the results obtained here highlight that there is a critical 
return of biomass to the soil when harvested (15% of aboveground biomass in miscanthus, and 
25% in switchgrass) after which the accumulation of C in the soil is significantly enhanced and 
N leaching is reduced. 
 The results of soil C accumulation in this study indicate that miscanthus and switchgrass 
have potential to sequestrate as much as 9.7 and 7.5 kg C m-2 of atmospheric CO2 into soil, 
respectively, over the next 100 years. The main factor influencing the accumulation of C is the 
high C:N ratio in the biomass that is contributed as a litter from miscanthus and switchgrass. 
Previous studies have confirmed that high C:N ratio inhibited decomposition (Heal et al., 1997; 
Potthoff et al., 2005; Chen et al., 2007). Specifically, Ernst et al. (2009) showed that miscanthus 
cultivation might introduce a N-limited environment for SMB that lessens its activity. The same 
pattern was observed in our simulations which show a N deficient environment in the top soil 
that hinder microbial growth and therefore decomposition. This agrees well with 
Schneckenberger and Kuzyakov (2007), who found that maximum miscanthus-derived C was 
observed in the top 0.1 m of soil using field measurements in Germany with 10% harvest losses 
of above-ground biomass. In result, lack of N fertilizer in miscanthus enhances even more the 
accumulation of C in the soil, which is also supported by a previous publication (Davis et al., 
2010). 
 Rapid decreases of N losses in perennial crops have been widely reported (Jordan et al., 
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2007; McIsaac et al., 2010; Mitchell et al., 2000). While being consistent with previous findings, 
our results also indicate that miscanthus and switchgrass have the potential to further reduce N 
losses. Specifically, in miscanthus, SIN was significantly reduced without severely suppressing 
crop N uptake because of their capacity to fixate N. Therefore, based on the simulations 
performed in this study, we believe that switchgrass and miscanthus, with proper harvest litter 
treatments, could further mitigate the leaching of reactive N out of agricultural watersheds, 
reducing eutrophication problems downstream. 
 In this study, we have made an attempt to examine the biogeochemical dynamics of C 
and N under different crops. We used a numerical approximation and performed different 
simulations. Although the results obtained in this study relies on different parameters and 
assumptions, we believe these results provide important findings about the impact of bioenergy 
crops on the C and N cycling in the soil. 
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Appendix A: PALMS 
A.1 Soybean submodel 
A.1.1 Photosynthesis  
 Stomatal conductance is sensitive to several environmental conditions, such as humidity, 
light, nitrogen availability and CO2 concentration (Collatz et al., 1992). Photosynthesis model 
described below are solely derived from PALMS. The time scale (𝐷𝑡𝑖𝑚𝑒) here is 15 min.  
𝑇𝑙𝑒𝑎𝑓 = 𝑇𝑙(𝑖) − 273.16 (A.1.1) 
where 𝑇𝑙𝑒𝑎𝑓, and 𝑇𝑙 are temperature of lower canopy leaves and stems in the unit of  ℃ and 𝐾, 
respectively. i represents a grid point. 
 The temperature dependence of photosynthesis (𝑇𝑣𝑚) is modeled as follows: 
𝑇𝑣𝑚 = 𝑄10𝑇𝑙𝑒𝑎𝑓−1510
�1 + 𝑒0.3(5−𝑇𝑙𝑒𝑎𝑓)�(1 + 𝑒0.3(𝑇𝑙𝑒𝑎𝑓−40)) (A.1.2) 
where 𝑄10  is the proportional increase in a parameter value for a 10℃  increase in leaf 
temperature.  
 Rubisco capacity (𝑉𝑚𝑎𝑥) is estimated computing the maximum potential values multiplied 
by several limiting factors.  
𝑉𝑚𝑎𝑥 = 𝑉𝑚𝑎𝑥,𝑐3 𝑇𝑣𝑚 𝑆𝑡𝑙(𝑖) 𝑆𝑜𝑥(𝑖) 𝐾𝑑𝑒𝑎𝑡ℎ(𝑖) 𝐾𝑓𝑟𝑜𝑠𝑡(𝑖) (A.1.3) 
where 𝑆𝑡𝑙 is the total soil moisture stress and is computed as: 
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𝑆𝑡𝑙(𝑖) = �𝑆𝑙(𝑖,𝑘)𝐾
𝑘=1
 
(A.1.4) 
where 
𝑆𝑙(𝑖,𝑘) = 𝑅𝑓(𝑖,𝑘) 𝑚𝑎𝑥 (0,𝑚𝑖𝑛 (1,𝑍𝑤𝑖𝑙𝑡)) (A.1.5) 
𝑍𝑤𝑖𝑙𝑡 = 1 − 𝑙𝑜𝑔 (1 + 799𝑒−15 𝐴𝑤𝑐)𝑙𝑜𝑔 (800)  (A.1.6) 
𝐴𝑤𝑐 = 𝑚𝑖𝑛 (1,𝑚𝑎𝑥 �0,𝑊𝑠𝑜𝑖(𝑖,𝑘)�1 −𝑊𝑖𝑠𝑜𝑖(𝑖,𝑘)� − 𝑆𝑤𝑖𝑙𝑡(𝑖,𝑘)𝜌𝑏(𝑖,𝑘) − 𝑆𝑤𝑖𝑙𝑡(𝑖,𝑘)� (A.1.7) 
where 𝑘 is the total number of soil layer. 𝑆𝑙 and 𝑅𝑓 are the soil moisture stress and root fraction 
at each soil layer. 𝑍𝑤𝑖𝑙𝑡 and 𝐴𝑤𝑐 are moisture stress and plant available water content (faction). 
𝑊𝑠𝑜𝑖, 𝑊𝑖𝑠𝑜𝑖, 𝑆𝑤𝑖𝑙𝑡, and 𝜌𝑏 are fraction of soil pore space containing liquid water, fraction of soil 
pore space containing ice, wilting soil moisture value as a fraction of pore space, and field 
capacity as a fraction of pore space, respectively. 𝑆𝑜𝑥 is the oxygen stress. First, oxygen stress is 
estimated from soil water contents in the top 30 cm with previous time-step's 𝑆𝑜𝑥. This process 
assumes that there will be no oxygen stress if soil moisture is less than 60% saturated on average 
in top 30 cm. 
𝑆𝑜𝑥(𝑖) = 𝑅𝑛𝑖𝑡𝑒𝑟 − 1𝑅𝑛𝑖𝑡𝑒𝑟 𝑆𝑜𝑥(𝑖) + 1𝑅𝑛𝑖𝑡𝑒𝑟           𝑖𝑓 𝐹𝑠𝑎𝑡,2 < 0.6 (A.1.8) 
where 
𝐹𝑠𝑎𝑡,2 = 𝐹𝑠𝑎𝑡,1𝑄𝑡𝑜𝑡  (A.1.9) 
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𝑅𝑛𝑖𝑡𝑒𝑟 = 86400𝐷𝑡𝑖𝑚𝑒  (A.1.10) 
where 
𝐹𝑠𝑎𝑡,1 = � 𝑊𝑠𝑜𝑖(𝑖,𝑘) 𝑄𝑠𝑜𝑖(𝑘)𝑘−𝑡𝑜𝑝 30𝑐𝑚
𝑘=1
 (A.1.11) 
𝑄𝑡𝑜𝑡 = � 𝑄𝑠𝑜𝑖(𝑘)𝑘−𝑡𝑜𝑝 30𝑐𝑚
𝑘=1
 (A.1.12) 
where 𝑄𝑠𝑜𝑖 and 𝐷𝑡𝑖𝑚𝑒 are soil layer thickness [L], and model time step [T], respectively. Then, 
𝑆𝑜𝑥 is recalculated based on water contents: 
𝑆𝑜𝑥(𝑖) = 2.5�1 − 𝐹𝑠𝑎𝑡,2�                                                         𝑖𝑓 𝑆𝑜𝑥(𝑖) ≥ 0.5 (A.1.13) 
𝑆𝑜𝑥(𝑖) = 𝑅𝑛𝑖𝑡𝑒𝑟 − 1𝑅𝑛𝑖𝑡𝑒𝑟 𝑆𝑜𝑥(𝑖) + 1𝑅𝑛𝑖𝑡𝑒𝑟  2.5 �1 − 𝐹𝑠𝑎𝑡,2�      𝑖𝑓 𝑆𝑜𝑥(𝑖) < 0.5 
𝐾𝑑𝑒𝑎𝑡ℎ is computed using safe-days (𝑑𝑠𝑎𝑓𝑒) and death-days (𝑑𝑑𝑒𝑎𝑡ℎ). Here, safe-days means the 
maximum number of days which result in no injury while death-days refers to the number of 
consecutive oxygen stressed days which result in death. 
       𝐾𝑑𝑒𝑎𝑡ℎ(𝑖) = 0          𝑖𝑓 𝐾𝑑𝑠(𝑖) ≥ 𝑑𝑑𝑒𝑎𝑡ℎ 86400𝐷𝑡𝑖𝑚𝑒  (A.1.14) 
 𝐾𝑑𝑒𝑎𝑡ℎ(𝑖) = 𝑚𝑖𝑛 �𝐾𝑑𝑒𝑎𝑡ℎ(𝑖), 1 − �� 𝐾𝑑𝑠(𝑖)86400/𝐷𝑡𝑖𝑚𝑒 − 𝑑𝑠𝑎𝑓𝑒� /𝑑𝑑𝑒𝑎𝑡ℎ𝑑𝑠𝑎𝑓𝑒 �𝐴𝑑𝑒𝑎𝑡ℎ�  
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𝑖𝑓 𝐾𝑑𝑠(𝑖) > 𝑑𝑠𝑎𝑓𝑒  86400𝐷𝑡𝑖𝑚𝑒    &   𝐾𝑑𝑠(𝑖) < 𝑑𝑑𝑒𝑎𝑡ℎ  86400𝐷𝑡𝑖𝑚𝑒   
where 𝐴𝑑𝑒𝑎𝑡ℎ is a parameter for the gradual death function. Increase in 𝐴𝑑𝑒𝑎𝑡ℎ results in making 
it more gradual while decrease in 𝐴𝑑𝑒𝑎𝑡ℎ  results in making it more abrupt. 1 is linear. 𝐾𝑑𝑠  is 
estimated: 
𝐾𝑑𝑠(𝑖) = 𝐾𝑑𝑠(𝑖) + 1          𝑖𝑓 𝑊𝑝𝑜𝑛𝑑(𝑖) >  0 (A.1.15) 
𝐾𝑑𝑠(𝑖, 𝑡) = 0                         𝑖𝑓 𝑊𝑝𝑜𝑛𝑑(𝑖) = 0 
where 𝑊𝑝𝑜𝑛𝑑 is ponded water at the surface in the unit of [mm]. 𝐾𝑓𝑟𝑜𝑠𝑡 is to consider the effect 
of frost. Its equations are not presented in this thesis due to complexity that is present. Detailed 
process of computing  𝐾𝑓𝑟𝑜𝑠𝑡 can be found in phsiology.f and soil.f. 
 Leaf respiration (𝑅𝑑𝑎𝑟𝑘,𝑐3) is computed: 
𝑅𝑑𝑎𝑟𝑘,𝑐3 = 𝛾𝑐3 𝑉𝑚𝑎𝑥,𝑐3 𝑇𝑣𝑚 (A.1.16) 
where 𝛾𝑐3 is leaf respiration coefficients for C3 crops. 
 Light limited rate of photosynthesis (𝐽𝑒) [mol m
-2  s-1] is estimated as: 
𝐽𝑒 = 𝑅𝑝(𝑖) 4.59 × 10−6 𝛼𝑐3  𝐶𝑖,𝑐3(𝑖) − 𝛾𝑐3∗𝐶𝑖,𝑐3(𝑖) + 2 𝛾𝑐3∗  (A.1.17) 
where 𝑅𝑝 is total photosynthetically active radiation absorbed by top leaves of lower canopy [W 
m-2]. 𝛼𝑐3 is intrinsic quantum efficiency for C3 crops (dimensionless), 0.060. Other variables are 
estimated as: 
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𝐶𝑖,𝑐3(𝑖) = 𝑚𝑎𝑥 �1.05 𝛾𝑐3∗ ,  𝑚𝑖𝑛 �𝐶𝑖,𝑚𝑎𝑥,𝐶𝑖,𝑐3(𝑖)�� (A.1.18) 
where 
𝛾𝑐3
∗ = 𝑂22 𝜏 (A.1.19) 
where 
𝜏 = 𝜏15 𝑒−5000 1/(273.16+15)𝑇𝑙(𝑖)  (A.1.20) 
where 𝐶𝑖,𝑚𝑎𝑥 is the maximum value for 𝐶𝑖,𝑐3 for model stability, which is used to constrain 𝐶𝑖,𝑐3 
value to acceptable bounds for given crops. 𝛾𝑐3∗  represents the CO2 compensation points. 𝑂2, and 
𝜏15  are O2 concentration, and CO2/O2 specificity ratio at 15 ℃ , respectively. Here 𝐶𝑖,𝑐3  is 
updated by implicit scheme after computing net photosynthesis rate. This equation will be 
presented afterwards. 
 Rubisco limited rate of photosynthesis (𝐽𝑐) [mol m
-2  s-1] is 
𝐽𝑐 = 𝑉𝑚𝑎𝑥  𝐶𝑖,𝑐3(𝑖) − 𝛾𝑐3∗
𝐶𝑖,𝑐3(𝑖) + 𝐾𝑐 (1 + 𝑂2𝐾𝑜) (A.1.21) 
where 
𝐾𝑐 = 𝐾𝑐15  𝑒6000 1/(273.16+15)𝑇𝑙(𝑖)  (A.1.22) 
𝐾𝑜 = 𝐾𝑜15  𝑒1400 1/(273.16+15)𝑇𝑙(𝑖)  (A.1.23) 
where 𝐾𝑐15, and 𝐾𝑜15 are CO2, and O2 kinetic parameters, respectively. 
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 The gross photosynthesis rate (𝐴𝑔,𝑐3), and net photosynthesis rate (𝐴𝑛,𝑐3) are estimated in 
the unit of mol m-2 s-1. 
𝐴𝑔,𝑐3 = 𝑚𝑖𝑛 (𝐷𝑞𝐷𝑎 ,𝐷𝑐𝐷𝑞) (A.1.24) 
𝐴𝑛,𝑐3 = 𝐴𝑔,𝑐3 − 𝑅𝑑𝑎𝑟𝑘,𝑐3 (A.1.25) 
where 
𝐷𝑎 = 𝜃𝑐3 (A.1.26) 
𝐷𝑏 = 𝐽𝑒 + 𝐽𝑐  (A.1.27) 
𝐷𝐶 = 𝐽𝑒 𝐽𝑐 (A.1.28) 
𝐷𝑒 = 𝑚𝑎𝑥 (𝐷𝑏2 − 4 𝐷𝑎  𝐷𝑐 , 0) (A.1.29) 
𝐷𝑞 = 0.5�𝐷𝑏 + �𝐷𝑒� + 10−15 (A.1.30) 
where 𝜃𝑐3  is C3 crop photosynthesis coupling coefficients. Then, 𝐶𝑖,𝑐3  is recalculated using 
implicit scheme. 
𝐶𝑖,𝑐3(𝑖) = 0.5 (𝐶𝑖,𝑐3(𝑖) + 𝐶𝑠,𝑐3(𝑖) − 1.6 𝐴𝑛,𝑐3𝐺𝑠,𝑐3(𝑖)) (A.1.31) 
𝐶𝑖,𝑐3(𝑖) = 𝑚𝑎𝑥 (1.05 𝛾𝑐3∗ ,𝑚𝑖𝑛 (𝐶𝑖,𝑚𝑎𝑥,𝐶𝑖,𝑐3(𝑖))) 
where 
𝐶𝑠,𝑐3(𝑖) = 0.5 (𝐶𝑠,𝑐3(𝑖) + 𝐶𝑜2 − 𝐴𝑛,𝑐3𝐺𝐶𝑂21) (A.1.32) 
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𝐶𝑠,𝑐3(𝑖) = 𝑚𝑎𝑥 (1.05 𝛾𝑐3∗ ,𝐶𝑠,𝑐3(𝑖)) 
𝐺𝑠,𝑐3(𝑖) = 0.5 (𝐺𝑠,𝑐3(𝑖) + 𝑚𝑐3 𝐴𝑛,𝑐3  𝑅ℎ34𝐶𝑠,𝑐3(𝑖) + 𝑏𝑐3 𝑆𝑡𝑙(𝑖)) (A.1.33) 
𝐺𝑠,𝑐3(𝑖) = 𝑚𝑎𝑥 (𝐺𝑠,𝑐3,𝑚𝑖𝑛, 𝑏𝑐3 𝑆𝑡𝑙(𝑖),𝐺𝑠,𝑐3(𝑖)) 
where  
𝐺𝐶𝑂21 = 𝑚𝑖𝑛 (10.0,𝑚𝑎𝑥 (0.1, 𝑆𝑙(𝑖) 25.5)) (A.1.34) 
where 
𝑆𝑙(𝑖) = 𝜌𝑎(𝑖) 𝐶𝑔𝑟𝑎𝑠𝑠�𝑢34(𝑖)𝑑𝑙𝑒𝑎𝑓  (A.1.35) 
𝜌𝑎(𝑖) = 𝑃𝑎
�𝑅𝑎𝑖𝑟 𝑇𝑎(𝑖) �1 + 𝑅𝑣𝑎𝑝𝑅𝑎𝑖𝑟 − 1 𝑞𝑎(𝑖)�� 
(A.1.36) 
𝑃𝑎 = 𝑃𝑠𝑢𝑟𝑓(𝑖) + 𝜎 (A.1.37) 
𝑞𝑎(𝑖) = 𝑅ℎ(𝑖)100  (A.1.38) 
where 𝑆𝑙 is air-vegetation transfer coefficients for lower canopy leaves & stems [m s
-1 kg m-3]. 
𝐶𝑔𝑟𝑎𝑠𝑠 is a constant in leaf-air aero transfer parameterization. 𝑢34(𝑖) is wind speeds at various 
points. 𝑑𝑙𝑒𝑎𝑓  is linear dimensions for aerodynamic flux parameterization. 𝑃𝑠𝑢𝑟𝑓  is surface 
pressure [hPa]. 𝑞𝑎  is relative humidity. 𝑅𝑎𝑖𝑟  is gas constant for dry air [J deg
-1 kg-1]. 𝑅𝑣𝑎𝑝 
denotes gas constant for water evaporation [J deg-1 kg-1]. 𝑇𝑎 is air temperature in the unit of ℃. 
All of the necessary parameters are presented in Table A 2. 
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 Lower canopy scaling (𝑆𝑙𝑐) is used to convert from leaf-level photosynthesis (𝐴𝑛,𝑐3) to 
canopy average photosynthesis (𝐴𝑛𝑐,𝑐3). 
𝐴𝑛𝑐,𝑐3(𝑖) = 𝐴𝑛,𝑐3 𝑆𝑙𝑐 (A.1.39) 
Detailed process of computing 𝑆𝑙𝑐 can be found in phsiology.f and radiation.f 
 Crops' LAI and C allocation are in daily-time step. Therefore, time step is needed to 
convert from 15 min to daily. Daily net prime production (𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦) is estimated as:  
𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖) = � 𝑁𝑃𝑃𝑡𝑜𝑡𝑎𝑙(𝑖)𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 𝑓𝑜𝑟 𝑎 𝑑𝑎𝑦
𝑛=1
 
(A.1.40) 
where 
𝑁𝑃𝑃𝑡𝑜𝑡𝑎𝑙(𝑖) = 𝐺𝑃𝑃𝑡𝑜𝑡𝑎𝑙(𝑖) − 𝑅𝑟,𝑏𝑒𝑙𝑜𝑤 �𝐶𝑟𝑜𝑜𝑡(𝑖) + 𝐶𝑟ℎ𝑖𝑧𝑜𝑚𝑒(𝑖)� (A.1.41) 
where 
𝐺𝑃𝑃𝑡𝑜𝑡𝑎𝑙(𝑖) = 𝐹𝑟𝑎𝑐(𝑖) 𝐴𝑛𝑐,𝑐3(𝑖) 𝐿𝐴𝐼(𝑖) 𝐹𝑙(𝑖) (1 − 𝐹𝑖(𝑖)) (A.1.42) 
where 𝐺𝑃𝑃𝑡𝑜𝑡𝑎𝑙  is total gross net prime production. 𝑅𝑟,𝑏𝑒𝑙𝑜𝑤  is root and rhizome respiration 
coefficient in the unit of [mol-CO2 m-2 s-1], and is 4.76×10-10. 𝐶𝑟𝑜𝑜𝑡 and 𝐶𝑟ℎ𝑖𝑧𝑜𝑚𝑒 are root and 
rhizome C biomasses. 𝐹𝑟𝑎𝑐 is fraction of canopy occupied by each plant functional type. 𝐹𝑙 and 𝐹𝑖 
are fraction of snow-free area covered by lower canopy, and fractional snow cover, respectively. 
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A.1.2 Phonology 
 Planting date (𝑑𝑝𝑙𝑎𝑛𝑡) is determined if 5-day running mean of daily average temperature 
(𝑇𝑎5𝑑) is greater than threshold for C3 crop needed for growth (𝑇𝑚𝑖𝑛,𝑐3) and 5-day running mean 
of daily minimum extreme temperature for frost/freeze damage (𝑇𝑒𝑥,𝑚𝑖𝑛) is greater than 0 ℃. In 
addition, the day of simulation (𝑑) is greater than the specified plating day (𝑑𝑠,𝑝𝑙𝑎𝑛𝑡). 
𝑖𝑓 𝑇𝑎5𝑑(𝑖) >  𝑇𝑚𝑖𝑛,𝑐3 & 𝑇𝑒𝑥,𝑚𝑖𝑛(𝑖) > 273.16 &  𝑑 > 𝑑𝑠,𝑝𝑙𝑎𝑛𝑡 (A.1.43) 
𝑑𝑝𝑙𝑎𝑛𝑡(𝑖) = 𝑑 
 This following contents determine the phenological development of soybeans including 
allocation changes of photosynthesis to leaf, stem, root, and reproductive organs. In a daily-time 
step, accumulated growing degree days (GDD) since plating (𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡) is calculated and GDD 
estimated from top layer's soil temperature (𝐺𝐷𝐷𝑠𝑜𝑖) is simulated for leaf emergence (𝐿𝑜𝑢𝑡). 
𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡(𝑖) = 𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡(𝑖) + 𝑚𝑎𝑥 (0,𝑚𝑖𝑛(𝑇𝑑(𝑖) − 283.16, 30.0)) (A.1.44) 
𝐺𝐷𝐷𝑠𝑜𝑖(𝑖) = 𝐺𝐷𝐷𝑠𝑜𝑖(𝑖) + 𝑚𝑎𝑥 (0,𝑚𝑖𝑛(𝑇(𝑖, 2) − 283.16, 30.0)) (A.1.45) 
where 𝑇𝑑 is daily average temperature in a unit of K, and 𝑇(i, 2) is 2nd layer (0.03 - 0.06 m) daily 
soil temperature. 
𝐻𝑢𝑖(𝑖) = 𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡(𝑖, ) (A.1.46) 
𝐿𝑜𝑢𝑡(𝑖) = 𝐺𝐷𝐷𝑠𝑜𝑖(𝑖) (A.1.47) 
where 𝐻𝑢𝑖 is heat unit index.  
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 Following equations are for plant C allocations and plant LAI. When heat unit index (𝐻𝑢𝑖) 
is lower than heat units required to vegetative maturity (𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛), but greater than heat units 
needed for leaf emergence (𝐻𝑢𝑖,𝑙𝑒𝑎𝑓 ), leaf emergence (𝐿𝑜𝑢𝑡 ) should have occurred for the 
changes of LAI and for carbon assimilation. Allocation mechanism are based on maturity and 
linear reduction of amount allocated to roots during the growing season. Before grain forming 
phase, there are two stages determined by the phenological state of LAI.  
𝑖𝑓 𝐿𝑜𝑢𝑡(𝑖) ≥ 𝐻𝑢𝑖,𝑙𝑒𝑎𝑓 & 𝐻𝑢𝑖(𝑖) < 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛  (A.1.48) 
    𝑖𝑓 𝐿𝐴𝐼𝑝𝑒𝑎𝑘(𝑖) = 0  (A.1.49) 
𝐴𝑟𝑜𝑜𝑡 = 𝑚𝑖𝑛 (1, (𝐴𝑟𝑜𝑜𝑡,𝑖 − �𝐴𝑟𝑜𝑜𝑡,𝑖 − 𝐴𝑟𝑜𝑜𝑡,𝑓�𝑚𝑖𝑛 �1, 𝐻𝑢𝑖(𝑖)𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖)� 
𝐴𝑟𝑜𝑜𝑡 = 𝑚𝑎𝑥 (0,𝐴𝑟𝑜𝑜𝑡) 
𝐴𝑙𝑒𝑎𝑓 = 𝑚𝑎𝑥 (0, (1 − 𝐴𝑟𝑜𝑜𝑡) 𝐹𝑙𝑒𝑎𝑓) 
𝐴𝑠𝑡𝑒𝑚 = 1 − 𝐴𝑟𝑜𝑜𝑡 − 𝐴𝑙𝑒𝑎𝑓 
𝐴𝑔𝑟𝑎𝑖𝑛 = 0 
where 𝐴𝑟𝑜𝑜𝑡 , 𝐴𝑙𝑒𝑎𝑓 , 𝐴𝑠𝑡𝑒𝑚 , and 𝐴𝑔𝑟𝑎𝑖𝑛  represent C allocations to root, leaf, stem, and grain, 
respectively. 𝐴𝑟𝑜𝑜𝑡,𝑖 , and 𝐴𝑟𝑜𝑜𝑡,𝑓  are initial, and final allocations to fine roots, respectively. 
𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦  is accumulated growing degree days (base 10 ℃ ) needed for plant to reach 
vegetative and physiological maturity while 𝐹𝑙𝑒𝑎𝑓 denotes a fraction of above-ground C allocated 
to leaf.  
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 Then, temporal leaf area index (𝐿𝐴𝐼𝑡𝑒𝑚𝑝) is estimated by constraining the growth of LAI 
to 0.5 per day and is used to determine the phenological state of LAI. 
𝐿𝐴𝐼𝑡𝑒𝑚𝑝(𝑖) = 𝐿𝐴𝐼(𝑖) + 𝑚𝑖𝑛 �𝑆𝐿𝐴 𝐴𝑙𝑒𝑎𝑓 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖) 𝑃𝑚212 ), 0.5� (A.1.50) 
        𝑖𝑓 𝐿𝐴𝐼𝑡𝑒𝑚𝑝(𝑖) >  𝐿𝐴𝐼𝑚𝑎𝑥 (A.1.51) 
𝐴𝑙𝑒𝑎𝑓  = 𝑚𝑖𝑛�1 − 𝐴𝑟𝑜𝑜𝑡, 𝐿𝐴𝐼𝑚𝑎𝑥 − 𝐿𝐴𝐼(𝑖)�𝑆𝐿𝐴 𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖)  
𝐴𝑠𝑡𝑒𝑚 =  1.0 −  𝐴𝑟𝑜𝑜𝑡  −  𝐴𝑙𝑒𝑎𝑓 
𝐿𝐴𝐼𝑝𝑒𝑎𝑘(𝑖)  =  1. 
where 𝑆𝐿𝐴 , and 𝑃𝑚2  are specific leaf area, and plant per m
2, respectively. 𝐿𝐴𝐼𝑚𝑎𝑥  is the 
maximum LAI for the given crop from EPIC and EPIC phase models. When LAI reaches the 
maximum available value, the increase in LAI stops: 
    𝑖𝑓 𝐿𝐴𝐼𝑝𝑒𝑎𝑘(𝑖) = 1  (A.1.52) 
𝐴𝑙𝑒𝑎𝑓 = 0.0 
𝐴𝑔𝑟𝑎𝑖𝑛 = 0.0 
𝐴𝑠𝑡𝑒𝑚 =  0.0 
𝐴𝑟𝑜𝑜𝑡 = 1 − 𝐴𝑔𝑟𝑎𝑖𝑛 −  𝐴𝑙𝑒𝑎𝑓 − 𝐴𝑠𝑡𝑒𝑚 
 Then, actual plant LAI is computed. Here, we also constrain increase in LAI to 0.5 per 
day. 
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𝐿𝐴𝐼(𝑖) = 𝐿𝐴𝐼(𝑖) + 𝑚𝑖𝑛 �𝑆𝐿𝐴 𝐴𝑙𝑒𝑎𝑓 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖) 𝑃𝑚212 ), 0.5� (A.1.53) 
 Ending allocation values to stem and leaf, and LAI are held for the use by equations after 
shift to reproductive phenology state. 
𝐴𝑠𝑡𝑒𝑚,𝑖 =  𝐴𝑠𝑡𝑒𝑚 (A.1.54) 
𝐴𝑙𝑒𝑎𝑓,𝑖 =  𝐴𝑙𝑒𝑎𝑓 (A.1.55) 
𝐿𝐴𝐼𝑡ℎ𝑟(𝑖)  = 𝐿𝐴𝐼(𝑖) (A.1.56) 
 The followings are phenological stage for shift of allocation to grain, which is when heat 
unit index (𝐻𝑢𝑖) is greater than heat units required to vegetative maturity (𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛). 
𝑖𝑓 𝐿𝑜𝑢𝑡(𝑖) ≥ 𝐻𝑢𝑖,𝑙𝑒𝑎𝑓 & 𝐻𝑢𝑖(𝑖) ≥ 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛  (A.1.57) 
𝐿𝐴𝐼𝑡𝑒𝑚𝑝(𝑖)  = 𝐿𝐴𝐼(𝑖)  
𝐿𝐴𝐼(𝑖) = 𝑚𝑎𝑥(𝐿𝐴𝐼𝑡ℎ𝑟(𝑖) (1.−𝑚𝑖𝑛((𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡(𝑖)
− 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛)/((𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖) 𝐷𝑒𝑐𝑙)
− 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛),1.0)𝐿𝐴𝐼𝑐𝑜𝑛𝑠),𝐿𝐴𝐼𝑚𝑖𝑛) 
 
where 𝐷𝑒𝑐𝑙, 𝐿𝐴𝐼𝑐𝑜𝑛𝑠, and 𝐿𝐴𝐼𝑚𝑖𝑛 are a factor to control LAI decline at end of season, a constant 
used in LAI senescence dynamics, and the minimum LAI, respectively. Then, changes to 
allocation in stem are determined: 
    𝑖𝑓 𝐴𝑠𝑡𝑒𝑚,𝑖 > 𝐴𝑠𝑡𝑒𝑚,𝑓 (A.1.58) 
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𝐴𝑠𝑡𝑒𝑚 = 𝑚𝑎𝑥(𝐴𝑠𝑡𝑒𝑚  �1.−𝑚𝑖𝑛 � 𝐻𝑢𝑖(𝑖) − 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖) − 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛 , 1.0)𝐴𝑙𝑙,𝑠� ,𝐴𝑠𝑡𝑒𝑚,𝑓� 
where 𝐴𝑙𝑙,𝑠 is a constant used in leaf dynamic allocation. Then, changes to allocation in leaf are 
determined: 
    𝑖𝑓 𝐴𝑙𝑒𝑎𝑓,𝑖 > 𝐴𝑙𝑒𝑎𝑓,𝑓 (A.1.59) 
𝐴𝑙𝑒𝑎𝑓  = 𝑚𝑎𝑥(𝐴𝑙𝑒𝑎𝑓 �1.−𝑚𝑖𝑛 � 𝐻𝑢𝑖(𝑖) − 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖) − 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛 , 1.0)𝐴𝑙𝑙,𝑙� ,𝐴𝑙𝑒𝑎𝑓,𝑓� 
where 𝐴𝑙𝑙,𝑙 is a constant used in leaf dynamic allocation. Then, changes to allocation in grains are 
determined: 
𝐴𝑔𝑟𝑎𝑖𝑛  =  1.−𝐴𝑟𝑜𝑜𝑡 − 𝐴𝑠𝑡𝑒𝑚 − 𝐴𝑙𝑒𝑎𝑓 (A.1.60) 
Then, the decrease in LAI (𝐿𝐴𝐼𝑑𝑒𝑐𝑙 ) is estimated for the purpose of updating above-ground 
biomass pools: 
𝐿𝐴𝐼𝑑𝑒𝑐𝑙(𝑖)  =  𝑚𝑎𝑥(0, 𝐿𝐴𝐼𝑡𝑒𝑚𝑝(𝑖) − 𝐿𝐴𝐼(𝑖))  (A.1.61) 
 Finally, C biomass productions in leaf (𝐶𝑙𝑒𝑎𝑓), grain (𝐶𝑔𝑟𝑎𝑖𝑛), stem (𝐶𝑠𝑡𝑒𝑚), and root 
(𝐶𝑟𝑜𝑜𝑡) are estimated. Here, leaf C biomass equation is slightly modified due to the difference 
between LAI decline and leaf C reduction dynamics despite the constant SLA: 
𝐶𝑙𝑒𝑎𝑓(𝑖) = 𝐶𝑙𝑒𝑎𝑓(𝑖) − (𝐿𝐴𝐼𝑑𝑒𝑐𝑙(𝑖)/(𝐶𝑙𝑒𝑎𝑓(𝑖)/𝐿𝐴𝐼𝑡𝑒𝑚𝑝(𝑖))) + 𝐴𝑙𝑒𝑎𝑓 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖)) (A.1.62) 
𝐶𝑔𝑟𝑎𝑖𝑛(𝑖) = 𝐶𝑔𝑟𝑎𝑖𝑛(𝑖) + 𝐴𝑔𝑟𝑎𝑖𝑛 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖)) (A.1.63) 
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𝐶𝑠𝑡𝑒𝑚(𝑖) = 𝐶𝑠𝑡𝑒𝑚(𝑖) + 𝐴𝑠𝑡𝑒𝑚 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖)) (A.1.64) 
𝐶𝑟𝑜𝑜𝑡(𝑖) = 𝐶𝑟𝑜𝑜𝑡(𝑖)  𝑒𝑥𝑝((−1. )/𝜏𝑟𝑜𝑜𝑡)  + 𝐴𝑟𝑜𝑜𝑡  𝜏𝑟𝑜𝑜𝑡 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖))(1.− 𝑒𝑥𝑝((−1. )/𝜏𝑟𝑜𝑜𝑡)) (A.1.65) 
where 𝜏𝑟𝑜𝑜𝑡 is the turnover time of carbon in root, and is 365 days. The necessary parameters are 
provided in Table A 1. 
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Table A 1: Soybean parameters that determine phenology 
Parameter Description Values 
Pm2 Plant per m2 30 
ds,plant Specified planting date 146   
GDDmaturity Accumulated growing degree days (base 10 ℃) needed 
for plant to reach vegetative and physiological maturity 
1300 
Hui,leaf Heat units needed for leaf emergence after planting [℃] 0.03× GDDmaturity 
Hui,grain Heat units needed to reach vegetative maturity [℃] 0.60× GDDmaturity   
LAIcons Constant used in LAI senescence equation 6 
All,l Constant used in leaf dynamic 5 
All,s Constant used in stem dynamic 5 
LAImax Maximum LAI for crops from EPIC and EPIC phase 
models 
6 
Aroot,i Initial allocation to crop fine roots 0.25 
Aroot,f Final allocation to crop fine roots 0.25 
Aleaf,f Final allocation to leaf 0.05 
Astem,f Final allocation to stem 0.25 
Fleaf Fraction of aboveground carbon allocated to leaf 0.80 
Decl Factor to control LAI decline at end of season 1.30 
LAImin Minimum LAI 0.01 
SLA Specific leaf area values [m2 kg C-1] 25.4 
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A.2 C4 crop submodel 
A.2.1 Photosynthesis  
 Photosynthesis model equations described below are different from C3 crop's and solely 
derived from PALMS. We attempted to present equations, which are different from C3 crop's 
cases. The time scale here is 15 min.  
𝑇𝑙𝑒𝑎𝑓 = 𝑇𝑙(𝑖) − 273.16 (A.2.1) 
where 𝑇𝑙𝑒𝑎𝑓, and 𝑇𝑙 are temperature of lower canopy leaves and stems in the unit of  ℃ and 𝐾, 
respectively. i represents a grid point. 
 The temperature dependence of photosynthesis (𝑇𝑣𝑚) is modeled as follows: 
𝑇𝑣𝑚 = 𝑒𝑥𝑝 �1500 � 1258.15 − 1𝑇𝑙(𝑖)��
�1 + 𝑒𝑥𝑝�0.4(1 − 𝑇𝑙𝑒𝑎𝑓)�� �1 + 𝑒𝑥𝑝�0.4(𝑇𝑙𝑒𝑎𝑓 − 50)�� 
(A.2.2) 
 Rubisco capacity (𝑉𝑚𝑎𝑥) is estimated computing the maximum potential value. Unlike the 
C3 crop case, the limiting factors are implemented in the photosynthesis rate. 
𝑉𝑚𝑎𝑥 = 𝑉𝑚𝑎𝑥,𝑐4 𝑇𝑣𝑚 (A.2.3) 
where 𝑉𝑚𝑎𝑥,𝑐4 is the maximum rubisco capacity for C4 crops (15 ℃ base).  
 Leaf respiration for C4 crops (𝑅𝑑𝑎𝑟𝑘,𝑐4) is computed: 
𝑅𝑑𝑎𝑟𝑘,𝑐4 = 𝛾𝑐4 𝑉𝑚𝑎𝑥,𝑐4 𝑇𝑣𝑚 (A.2.4) 
where 𝛾𝑐4 is leaf respiration coefficients for C4 crops. 
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 Light limited rate of photosynthesis (𝐽𝑒) [mol m
-2  s-1] is estimated as: 
𝐽𝑒 = 𝑅𝑝(𝑖) 4.59 × 10−6 𝛼𝑐4 (A.2.5) 
where 𝑅𝑝(𝑖) is total photosynthetically active raditaion absorbed by top leaves of lower canopy 
[W m-2]. 𝑎𝑙𝑝ℎ𝑎4 is intrinsic quantum efficiency for C4 crops (dimensionless). 
 Rubisco limited rate of photosynthesis (𝐽𝑐) [mol m
-2  s-1] is 
𝐽𝑐 = 𝑉𝑚𝑎𝑥 (A.2.6) 
Then, the intermediate photosynthesis rate (𝐽𝑝) is estimated as: 
𝐽𝑝 = 𝑚𝑖𝑛 (𝐷𝑞𝐷𝑎 , 𝐷𝑐𝐷𝑞) (A.2.7) 
where 
𝐷𝑎 = 𝜃𝑐4 (A.2.8) 
𝐷𝑏 = 𝐽𝑒 + 𝐽𝑐  (A.2.9) 
𝐷𝐶 = 𝐽𝑒 𝐽𝑐 (A.2.10) 
𝐷𝑒 = 𝑚𝑎𝑥 (𝐷𝑏2 − 4 𝐷𝑎  𝐷𝑐 , 0) (A.2.11) 
𝐷𝑞 = 0.5�𝐷𝑏 + �𝐷𝑒� + 10−15 (A.2.12) 
where 𝜃𝑐4 is C4 crop photosynthesis coupling coefficients. 
 Carbon dioxide limited rate of photosynthesis (𝐽𝑖) is estimated as: 
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𝐽𝑖 = 𝑘𝑐𝑜2 𝐶𝑖,𝑐4(𝑖)  (A.2.13) 
where 𝐶𝑖,𝑐4 is intercellular CO2 concentration for C4 crops. The initial C4 crop's CO2 efficiency 
[mol m-2 s-1], 𝑘𝑐𝑜2, is calculated as: 
𝑘𝑐𝑜2 = 18 × 103 𝑉𝑚𝑎𝑥  (A.2.14) 
 The gross photosynthesis rate (𝐴𝑔,𝑐4), and net photosynthesis rate (𝐴𝑛,𝑐4) are estimated in 
the unit of mol m-2 s-1, then multiplied by the limiting factors that are computed in the same way 
as the C3 crop case:  
𝐴𝑔,𝑐4 = 𝑚𝑖𝑛 (𝐷𝑞𝐷𝑎 , 𝐷𝑐𝐷𝑞) (A.2.15) 
𝐴𝑛,𝑐4 = �𝐴𝑔,𝑐4 − 𝑅𝑑𝑎𝑟𝑘,𝑐4� 𝑆𝑡𝑙(𝑖) 𝑆𝑜𝑥(𝑖) 𝐾𝑑𝑒𝑎𝑡ℎ(𝑖) 𝐾𝑓𝑟𝑜𝑠𝑡(𝑖) (A.2.16) 
where 
𝐷𝑎 = 𝛽𝑐4 (A.2.17) 
𝐷𝑏 = 𝐽𝑝 + 𝐽𝑖  (A.2.18) 
𝐷𝑐 = 𝐽𝑝 𝐽𝑖  (A.2.19) 
𝐷𝑒 = 𝑚𝑎𝑥 (𝐷𝑏2 − 4 𝐷𝑎  𝐷𝑐 , 0) (A.2.20) 
𝐷𝑞 = 0.5�𝐷𝑏 + �𝐷𝑒� + 10−15 (A.2.21) 
where 𝛽𝑐4 is C4 photosynthesis coupling coefficients. Then, 𝐶𝑖,𝑐4 is recalculated using implicit 
scheme. 
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𝐶𝑖,𝑐4(𝑖) = 0.5 (𝐶𝑖,𝑐4(𝑖) + 𝐶𝑠,𝑐4(𝑖) − 1.6 𝐴𝑛,𝑐4𝐺𝑠,𝑐4(𝑖)) (A.2.22) 
𝐶𝑖,𝑐4(𝑖) = 𝑚𝑎𝑥 (0.0,𝑚𝑖𝑛 (𝐶𝑖,𝑚𝑎𝑥,𝐶𝑖,𝑐4(𝑖))) 
where 
𝐶𝑠,𝑐4(𝑖) = 0.5 (𝐶𝑠,𝑐4(𝑖) + 𝐶𝑂2 − 𝐴𝑛,𝑐4𝐺𝐶𝑂21) (A.2.23) 
𝐺𝑠,𝑐4(𝑖) = 0.5 (𝐺𝑠,𝑐4(𝑖) + 𝑚𝑐4 𝐴𝑛,𝑐4  𝑅ℎ34𝐶𝑠,𝑐4(𝑖) + 𝑏𝑐4 𝑆𝑡𝑙(𝑖)) (A.2.24) 
𝐺𝑠,𝑐4(𝑖) = 𝑚𝑎𝑥 (𝐺𝑠,𝑐4,𝑚𝑖𝑛, 𝑏𝑐4 𝑆𝑡𝑙(𝑖),𝐺𝑠,𝑐4(𝑖)) 
The required parameters are listed in Table 3 and Table A 2. Lower canopy scaling and time 
scale conversion are computed as described in A.1.1 and A.1.2. 
Table A 2: C3 and C4 crops phonologic control parameters that determine photosynthesis. 
Parameter Description Values 
Q10 Temperature sensitivity of temperature-dependent C3 crops 2 
Vmax,c3 Maximum rubisco capacity (15 ℃ base) [μmol m-2 s-1] for soybean 65 
dsafe Maximum number of days which result in no injury [day] 0.75 
ddeath Number of consecutive oxygen stressed days which result in death 
[day] 
3 
Adeath Parameter for the gradual death function 1 
𝛾𝑐3 Leaf respiration coefficient for C3 crops 0.015 
𝛾𝑐4 Leaf respiration coefficient for C4 crops 0.01 
𝛼3 Intrinsic quantum efficiency for C3 crops 0.06 
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𝜏15 CO2/O2 specificity ratio at 15 ℃ 4500 
O2 O2 concentration [mol/mol] 2.09×10-1 
CO2 CO2 concentration [mol/mol] 0.00035 
Ci,max Maximum value for 𝐶𝑖 for model stability 0.02 
Kc15 CO2 kinetic parameters [mol/mol] 1.5×10-4 
Ko15 O2 kinetic parameters [mol/mol] 0.25 
𝜃𝑐3 Photosynthesis coupling coefficients for C3 crops 0.97 
𝜃𝑐4 Photosynthesis coupling coefficient for C4 crops 0.97 
𝛽𝑐4 Photosynthesis coupling coefficient for C4 crops 0.93 
𝜎 𝜎 is tied to the lowest level of the dataset which is used to provide 
wind speed and humidity data 0.999 is about 10m 
0.999 
Cgrass A constant in leaf-air aero transfer parameterization 0.01 
dleaf Linear dimensions for aerodynamic flux parameterization 0.1 
Rair Gas constant for dry air [J deg-1 kg-1] 287.04 
Rvap Gas constant for water evaporation [J deg-1 kg-1] 461.0 
mc3 'm' coefficients for stomatal conductance relationship for C3 crops 9 
bc3 'b' coefficients for stomatal conductance relationship for C3 crops 0.01 
 
A.2.2 Phonology 
 Planting date (𝑑𝑝𝑙𝑎𝑛𝑡) is determined if 5-day running mean of daily average temperature 
(𝑇𝑎5𝑑) is greater than threshold for C4 crop needed for growth (𝑇𝑚𝑖𝑛,𝑐4) and 5-day running mean 
of daily minimum extreme temperature for frost/freeze damage (𝑇𝑒𝑥,𝑚𝑖𝑛) is greater than 0 ℃. In 
addition, the day of simulation (𝑑) is greater than the specified plating day (𝑑𝑠,𝑝𝑙𝑎𝑛𝑡). 
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𝑖𝑓 𝑇𝑎5𝑑(𝑖) >  𝑇𝑚𝑖𝑛,𝑐4 & 𝑇𝑒𝑥,𝑚𝑖𝑛(𝑖) > 273.16 &  𝑑 > 𝑑𝑠,𝑝𝑙𝑎𝑛𝑡 (A.2.25) 
𝑑𝑝𝑙𝑎𝑛𝑡(𝑖) = 𝑑 
 The following equations determine the phenological development of C4 crops. The 
photosynthesis allocation mechanism are based on maturity and linear reduction of amount 
allocated to roots during the growing season. By using base 10 ℃ , in a daily-time step, 
accumulated GDD since plating (𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10) is calculated and GDD estimated from top layer's 
soil temperature (𝐺𝐷𝐷𝑠𝑜𝑖) is simulated for leaf emergence. 
𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖)= 𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖)+ 𝑚𝑎𝑥(0,𝑚𝑖𝑛(𝑇𝑑(𝑖) − 283.16, 30.0)) 𝑚𝑎𝑥(𝑆𝑜𝑥,𝑚𝑖𝑛, 𝑆𝑜𝑥(𝑖)) 
(A.2.26) 
𝐺𝐷𝐷𝑠𝑜𝑖(𝑖) = 𝐺𝐷𝐷𝑠𝑜𝑖(𝑖) + 𝑚𝑎𝑥 (0,𝑚𝑖𝑛(𝑇𝑠𝑜𝑖(𝑖, 2) − 283.16, 30.0)) (A.2.27) 
where 𝑇𝑑 is daily average temperature in a unit of K, and 𝑇𝑠𝑜𝑖(i, 2) is 2nd layer (0.03 - 0.06 m) 
daily soil temperature. 𝑆𝑜𝑥,𝑚𝑖𝑛 represents minimum value for oxygen stress (𝑆𝑜𝑥), and is 0.7.  
 Total specific leaf area (𝑆𝐿𝐴𝑡𝑜𝑡) [m
2 kg-1] is estimated: 
𝑆𝐿𝐴𝑡𝑜𝑡 = max (𝑆𝐿𝐴𝑡𝑜𝑡 , 𝑆𝐿𝐴) (A.2.28) 
where  
𝑆𝐿𝐴𝑡𝑜𝑡 = 𝑆𝐿𝐴 0.5847 + 𝑆𝐿𝐴𝑝𝑙𝑢𝑠 (A.2.29) 
where 
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𝑆𝐿𝐴𝑝𝑙𝑢𝑠 = 55.56 𝑒𝑥𝑝(−1.2𝑚𝑎𝑥 �0.0,𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖) − 𝐻𝑢𝑖,𝑙𝑒𝑎𝑓𝐺𝐷𝐷𝑠𝑖𝑙𝑘 − 100 � (A.2.30)  
where 𝑆𝐿𝐴, 𝐻𝑢𝑖,𝑙𝑒𝑎𝑓, and 𝐺𝐷𝐷𝑠𝑖𝑙𝑘 are specific leaf area index [m2 kg-1], heat units needed for leaf 
emergence after planting [℃ ], and soil temperature summation GDD for emergence [℃ ], 
respectively. 
 Following equations are for plant C allocations and plant LAI. When accumulated soil 
temperature (𝐺𝐷𝐷𝑠𝑜𝑖) are enough for the leaf emergences (𝐻𝑢𝑖,𝑙𝑒𝑎𝑓), the change in LAI and C 
assimilation occurs. Before grain forming phase, there are two stages determined by the 
phenological state of LAI, similar to C3 crop case. 
𝑖𝑓 𝐺𝐷𝐷𝑠𝑜𝑖(𝑖) ≥ 𝐻𝑢𝑖,𝑙𝑒𝑎𝑓 & 𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖) < 𝐺𝐷𝐷𝑠𝑖𝑙𝑘   (A.2.31) 
 Fraction of above-ground C allocated to leaf (𝐹𝑙𝑒𝑎𝑓) is estimated as:  
𝐹𝑙𝑒𝑎𝑓 = 𝐴𝑙𝑒𝑎𝑓,𝑖𝐴𝑙𝑒𝑎𝑓,𝑖 + 𝐴𝑠𝑡𝑒𝑚,𝑖 (exp(3) − exp �3 𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖)𝐺𝐷𝐷𝑠𝑖𝑙𝑘 − 100 � (A.2.32) 
where 𝐴𝑙𝑒𝑎𝑓,𝑖, and 𝐴𝑠𝑡𝑒𝑚,𝑖 denote initial allocation of assimilated C to leaf, and stem, respectively. 
    𝑖𝑓 𝐿𝐴𝐼𝑝𝑒𝑎𝑘(𝑖) = 0  (A.2.33) 
𝐴𝑟𝑜𝑜𝑡 = 𝑚𝑖𝑛 (1, (𝐴𝑟𝑜𝑜𝑡,𝑖 − �𝐴𝑟𝑜𝑜𝑡,𝑖 − 𝐴𝑟𝑜𝑜𝑡,𝑓�𝑚𝑖𝑛 �1, 𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖)𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖)� 
Here, we developed allocation of assimilated C to rhizome based on the procedure to estimate 
𝐴𝑟𝑜𝑜𝑡. 
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𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒 = 𝑚𝑖𝑛 (1, (𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒,𝑖 − �𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒,𝑖 − 𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒,𝑓�𝑚𝑖𝑛 �1, 𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖)𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖)� 
𝐴𝑙𝑒𝑎𝑓 = 𝑚𝑎𝑥 (0, (1 − 𝐴𝑟𝑜𝑜𝑡 − −𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒) 𝐹𝑙𝑒𝑎𝑓) 
𝐴𝑠𝑡𝑒𝑚 = 1 − 𝐴𝑟𝑜𝑜𝑡 − 𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒 − 𝐴𝑙𝑒𝑎𝑓 
𝐴𝑔𝑟𝑎𝑖𝑛 = 0 
Then, temporal leaf area index (𝑡𝑙𝑎𝑖(𝑖, 𝑗𝑠𝑜𝑦)) is calculated: 
𝐿𝐴𝐼𝑡𝑒𝑚𝑝(𝑖) = 𝐿𝐴𝐼(𝑖) + (𝑆𝐿𝐴𝑡𝑜𝑡  𝐴𝑙𝑒𝑎𝑓 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖)) (A.2.34) 
        𝑖𝑓 𝐿𝐴𝐼𝑡𝑒𝑚𝑝(𝑖) >  𝐿𝐴𝐼𝑚𝑎𝑥 (A.2.35) 
 𝐴𝑙𝑒𝑎𝑓 = 𝑚𝑖𝑛�1 − 𝐴𝑟𝑜𝑜𝑡 − 𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒 , 𝐿𝐴𝐼𝑚𝑎𝑥 − 𝐿𝐴𝐼(𝑖)�𝑆𝐿𝐴 𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖) > 0 
𝐴𝑠𝑡𝑒𝑚 =  1.0 −  𝐴𝑟𝑜𝑜𝑡 − 𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒 −  𝐴𝑙𝑒𝑎𝑓 
𝐿𝐴𝐼𝑝𝑒𝑎𝑘(𝑖)  =  1. 
    𝑖𝑓 𝐿𝐴𝐼𝑝𝑒𝑎𝑘(𝑖) = 1  (A.2.36) 
𝐴𝑙𝑒𝑎𝑓 = 0.0 
𝐴𝑔𝑟𝑎𝑖𝑛 = 0.0 
𝐴𝑟𝑜𝑜𝑡 = 𝑚𝑖𝑛 (1.0, (𝐴𝑟𝑜𝑜𝑡,𝑖 − �𝐴𝑟𝑜𝑜𝑡,𝑖 − 𝐴𝑟𝑜𝑜𝑡,𝑓�𝑚𝑖𝑛 �1, 𝐻𝑢𝑖(𝑖)𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖)� 
Here, we also consider allocation of assimilated C to rhizome in a similar way to 𝐴𝑟𝑜𝑜𝑡: 
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𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒 = 𝑚𝑖𝑛 (1.0, (𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒,𝑖
− �𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒,𝑖 − 𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒,𝑓�𝑚𝑖𝑛 �1, 𝐻𝑢𝑖(𝑖)𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖)� 
𝐴𝑠𝑡𝑒𝑚 = 1 − 𝐴𝑟𝑜𝑜𝑡 − 𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒 − 𝐴𝑙𝑒𝑎𝑓 
 After computing allocation, LAI is computed as a function of daily GDD accumulation. 
Leaf expansion (𝐿𝐴𝐼𝑒𝑝) is estimated based on GDD approach. 
𝐿𝐴𝐼𝑒𝑝 = 𝑆𝐿𝐴𝑡𝑜𝑡 𝐴𝑙𝑒𝑎𝑓 𝑚𝑎𝑥 (0.0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖)) (A.2.37) 
 Then, LAI is computed by assuming leaf N fraction triggers the leaf decision to change 
its SLA. Here, switchgrass and miscanthus N submodels are not fully coupled with crop N cycle. 
Thus, we developed a equation to compute N fraction in leaf (𝐹𝑛,𝑙𝑒𝑎𝑓): 
𝐹𝑛,𝑙𝑒𝑎𝑓(𝑖) = 𝐶𝑙𝑒𝑎𝑓(𝑖)𝐵𝑙𝑒𝑎𝑓(𝑖)(𝐶:𝑁)𝑙𝑒𝑎𝑓 (A.2.38) 
where 𝐵𝑙𝑒𝑎𝑓 is biomass in leaf [kg m
-2]. 
 In the rapid crops growing seasons, there are two states to simulate LAI determined by 
leaf N fraction, 0.02. 
where 
    𝑖𝑓 𝐹𝑛,𝑙𝑒𝑎𝑓(𝑖) < 0.02  (A.2.39) 
𝐿𝐴𝐼(𝑖) = 𝐿𝐴𝐼(𝑖) + 𝐴𝑙𝑒𝑎𝑓 𝑆𝐿𝐴𝑎 
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where 𝐿𝑛𝑛 is the number of the newest emerging leaf [m
2 m-2]. 
 It holds ending allocation values to stem and leaf, and LAI for the use by equations after 
shift to reproductive phenology state. 
𝐴𝑠𝑡𝑒𝑚,𝑖 =  𝐴𝑠𝑡𝑒𝑚 (A.2.41) 
𝐴𝑙𝑒𝑎𝑓,𝑖 =  𝐴𝑙𝑒𝑎𝑓 (A.2.42) 
𝐿𝐴𝐼𝑡ℎ𝑟(𝑖)  = 𝐿𝐴𝐼(𝑖) (A.2.43) 
 The followings are grain forming stages, developed as:  
𝑖𝑓 𝐺𝐷𝐷𝑠𝑜𝑖(𝑖) ≥ 𝐻𝑢𝑖,𝑙𝑒𝑎𝑓 & 𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖) ≥ 𝐺𝐷𝐷𝑠𝑖𝑙𝑘    (A.2.44) 
𝐿𝐴𝐼𝑡𝑒𝑚𝑝(𝑖)  = 𝐿𝐴𝐼(𝑖)  
𝐿𝐴𝐼(𝑖) = 𝑚𝑎𝑥(𝐿𝐴𝐼𝑡ℎ𝑟(𝑖) (1.−𝑚𝑖𝑛((𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖) − 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛)/(𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖)
− 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛),1.0)𝐿𝐴𝐼𝑐𝑜𝑛𝑠),𝐿𝐴𝐼𝑚𝑖𝑛)  
Then, changes to allocation in stem are determined: 
𝐴𝑠𝑡𝑒𝑚 = 𝑚𝑎𝑥(𝐴𝑠𝑡𝑒𝑚  �1.−𝑚𝑖𝑛 � 𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖) − 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖)𝐷𝑒𝑐𝑙 − 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛 , 1.0)𝐴𝑙𝑙,𝑠� , 0.0� (A.2.45) 
𝑆𝐿𝐴𝑎 = 𝑚𝑖𝑛 � 𝐿𝑛𝑛𝑚𝑎𝑥(0.001,  𝐴𝑙𝑒𝑎𝑓 𝑚𝑎𝑥(0.0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖)) , 1.2 𝑆𝐿𝐴� 
    𝑖𝑓 𝐹𝑛,𝑙𝑒𝑎𝑓 ≥ 0.02  (A.2.40) 
𝐿𝐴𝐼(𝑖) = 𝐿𝐴𝐼(𝑖) + 𝐿𝐴𝐼𝑒𝑝 
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Then, changes to allocation in leaf are determined: 
𝐴𝑙𝑒𝑎𝑓  = 𝑚𝑎𝑥(𝐴𝑙𝑒𝑎𝑓 �1.−𝑚𝑖𝑛 � 𝐺𝐷𝐷𝑝𝑙𝑎𝑛𝑡,10(𝑖) − 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛𝐺𝐷𝐷𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦(𝑖)𝐷𝑒𝑐𝑙 − 𝐻𝑢𝑖,𝑔𝑟𝑎𝑖𝑛 , 1.0)𝐴𝑙𝑙,𝑙� , 0.0� (A.2.46) 
Then, changes to allocation in grains are determined: 
𝐴𝑔𝑟𝑎𝑖𝑛  =  1.−𝐴𝑟𝑜𝑜𝑡 − 𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒 − 𝐴𝑠𝑡𝑒𝑚 − 𝐴𝑙𝑒𝑎𝑓 (A.2.47) 
After that, decrease in LAI is estimated for the purpose of updating above-ground biomass pools 
𝐿𝐴𝐼𝑑𝑒𝑐𝑙(𝑖)  =  𝑚𝑎𝑥(0, 𝐿𝐴𝐼𝑡𝑒𝑚𝑝(𝑖) − 𝐿𝐴𝐼(𝑖))  (A.2.48) 
 Finally, C biomass productions in leaf (𝐶𝑙𝑒𝑎𝑓), grain (𝐶𝑔𝑟𝑎𝑖𝑛), stem (𝐶𝑠𝑡𝑒𝑚), root (𝐶𝑟𝑜𝑜𝑡) 
and rhizome (𝐶𝑟ℎ𝑖𝑧𝑜𝑚𝑒) are estimated. We assume that the dynamic of 𝐶𝑟ℎ𝑖𝑧𝑜𝑚𝑒 is similar enough 
to that of 𝐶𝑟𝑜𝑜𝑡. 
𝐶𝑙𝑒𝑎𝑓(𝑖) = 𝐶𝑙𝑒𝑎𝑓(𝑖) − (𝐿𝐴𝐼𝑑𝑒𝑐𝑙(𝑖)/(𝐶𝑙𝑒𝑎𝑓(𝑖)/𝐿𝐴𝐼𝑡𝑒𝑚𝑝(𝑖))) + 𝐴𝑙𝑒𝑎𝑓 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖)) (A.2.49) 
𝐶𝑔𝑟𝑎𝑖𝑛(𝑖) = 𝐶𝑔𝑟𝑎𝑖𝑛(𝑖) + 𝐴𝑔𝑟𝑎𝑖𝑛 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖)) (A.2.50) 
𝐶𝑠𝑡𝑒𝑚(𝑖) = 𝐶𝑠𝑡𝑒𝑚(𝑖) + 𝐴𝑠𝑡𝑒𝑚 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖)) (A.2.51) 
𝐶𝑟𝑜𝑜𝑡(𝑖) = 𝐶𝑟𝑜𝑜𝑡(𝑖)  𝑒𝑥𝑝((−1. )/𝜏𝑟𝑜𝑜𝑡)  + 𝐴𝑟𝑜𝑜𝑡  𝜏𝑟𝑜𝑜𝑡 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖))(1.− 𝑒𝑥𝑝((−1. )/𝜏𝑟𝑜𝑜𝑡)) (A.2.52) 
𝐶𝑟ℎ𝑖𝑧𝑜𝑚𝑒(𝑖) = 𝐶𝑟ℎ𝑖𝑧𝑜𝑚𝑒(𝑖)  𝑒𝑥𝑝((−1. )/𝜏𝑟ℎ𝑖𝑧𝑜𝑚𝑒)  + 𝐴𝑟ℎ𝑖𝑧𝑜𝑚𝑒 𝜏𝑟ℎ𝑖𝑧𝑜𝑚𝑒 𝑚𝑎𝑥(0,𝑁𝑃𝑃𝑑𝑎𝑖𝑙𝑦(𝑖))(1.− 𝑒𝑥𝑝((−1. )/𝜏𝑟ℎ𝑖𝑧𝑜𝑚𝑒)) (A.2.53) 
The required C4 crops parameters are provided in Table 3 and Table A 2. 
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Appendix B: Soil Carbon and Nitrogen Cycle Model 
Table B 1: Estimated kb, kl, and kh 
Layer 
Depth 
Range 
[m] 
kb 
Microbial 
death 
[d-1] 
kl 
Litter decomposition 
rate 
[m3 d-1 gC-1] 
kh 
Humus decomposition 
rate 
[m3 d-1 gC-1] 
1 0 - 0.03 2.76 × 10-2 6.79 × 10-5 1.41 × 10-6 
2 - 0.06 3.24 × 10-3 8.04 × 10-6 1.67 × 10-7 
3 - 0.10 1.41 × 10-3 3.51 × 10-6 7.31 × 10-8 
4 - 0.14 1.27 × 10-3 3.20 × 10-6 6.66 × 10-8 
5 - 0.18 1.14 × 10-3 2.88 × 10-6 6.00 × 10-8 
6 - 0.23 1.05 × 10-3 2.71 × 10-6 5.63 × 10-8 
7 - 0.28 9.54 × 10-4 2.57 × 10-6 5.34 × 10-8 
8 - 0.33 8.82 × 10-4 2.66 × 10-6 5.53 × 10-8 
9 - 0.38 8.25 × 10-4 2.65 × 10-6 5.51 × 10-8 
10 - 0.43 7.81 × 10-4 2.70 × 10-6 5.63 × 10-8 
11 - 0.50 7.43 × 10-4 2.86 × 10-6 5.96 × 10-8 
12 - 0.60 7.42 × 10-4 3.54 × 10-6 7.38 × 10-8 
13 - 0.70 7.56 × 10-4 4.75 × 10-6 9.88 × 10-8 
14 - 0.80 8.03 × 10-4 6.88 × 10-6 1.43 × 10-7 
15 - 0.90 8.35 × 10-4 9.21 × 10-6 1.92 × 10-7 
16 - 1.00 7.35 × 10-4 9.21 × 10-6 1.92 × 10-7 
17 - 1.20 6.41 × 10-4 1.02 × 10-5 2.13 × 10-7 
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18 - 1.40 5.80 × 10-4 1.40 × 10-5 2.91 × 10-7 
19 - 1.60 5.25 × 10-4 1.91 × 10-5 3.98 × 10-7 
20 - 1.80 4.75 × 10-4 2.61 × 10-5 5.43 × 10-7 
21 - 2.00 4.30 × 10-4 3.55 × 10-5 7.40 × 10-7 
22 - 2.25 3.87 × 10-4 5.06 × 10-5 1.05 × 10-6 
23 - 2.50 3.42 × 10-4 7.44 × 10-5 1.55 × 10-6 
24 - 3.50 3.17 × 10-4 2.47 × 10-4 5.14 × 10-6 
25 - 4.50 1.98 × 10-4 1.19 × 10-3 2.47 × 10-5 
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Appendix C: Weather Generator 
 
 
Figure C 1: "A comparison between observed (red) and simulated (green) monthly 
precipitation. The vertical bars denote the standard deviations of the monthly values" 
(Fatichi et al., 2011).  
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Figure C 2: "A comparison between the observed (red) and simulated (blue) daily cycle of 
global (a), direct (b) and diffuse (c) shortwave radiation for all sky conditions" (Fatichi et 
al., 2011). 
 
 
Figure C 3: "A comparison between the observed (red) and simulated (green) average air 
temperature for every month, aggregation periods of 1 [h] (a) and 24 [h] (b). The vertical 
bars denote the standard deviations" (Fatichi et al., 2011). 
. 
 
 96 
 
 
Figure C 4: "A comparison between the observed (red) and simulated (green) relative 
humidity daily cycle (a) and vapor pressure probability density function (b). The triangles 
in (a) represent the daily cycle of relative humidity standard deviation. Eobs and 𝝈obs are the 
observed mean and standard deviation and Esim and 𝝈sim are the simulated ones" (Fatichi et 
al., 2011). 
 
 
Figure C 5: "A comparison between the observed (red) and simulated (green) wind speed 
probability density function (a) and daily cycle of wind speed (b). Eobs and 𝝈obs are the 
observed mean and standard deviation and Esim and 𝝈sim are the simulated ones" (Fatichi et 
al., 2011). 
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